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A new model interaction potential, in the form of a screened Coulomb potential, is proposed.
Analytical expressions are derived for the stopping power of ions in elastic collisions. A
program is written for Monte Carlo calculations of the ion ranges in an amorphous substance,
taking inelastic losses into account in the continuous-slowing approximation and taking
elastic collisions into account in the approximation of the new model interaction potential. The
ranges of Cu and Rb ions in C and B targets are calculated. The results of the calculations
are in good agreement with experiment. 1®99 American Institute of Physics.
[S1063-784299)00105-1

INTRODUCTION energy heavy ions in boron and carbon with the results of
Monte Carlo calculations using the TRIM code. The results

Various models of the interatomic interaction potentla!Of calculations by the TRIM code, which uses a so-called

are used in describing the motion of fast charged particles Ir&lr;iversal interaction potential to describe the elastic scatter-

;noigﬁtri.all?s)l(t\/e\/rr]lisé\éealrjsivngznb%etnherzng:?n of screened COUIOrI|1ng of ions, disagree strongly with the experimental results.
' On the other hand, the passage of low-energy and medium-
2 energy heavy ions through matter has been investigated in a
' 1) series of papefs’ using a simpler approximation of the in-
... teraction potential. In those studies a modified hard-sphere
whereZ, and Z, are the nuclear charges of the colliding oqe| was used, where the scattering of ions was treated in
atomic particlesg is the electron charge, is the distance o hard-sphere model and the total elastic scattering cross

between the colliding atoms, is the screening length, and e tion was assumed to depend on the energy of the ion; it

r
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V(r)=

®(r/a) is the screening function. _ .. was obtained in terms of the known energy dependences of
Usually &(r/a) is approximated by its expansion in a he jon stopping power. The analytical expressions obtained
sum of exponentialé: in Refs. 5 and 6 are in good agreement with experimental
n result$ for low ion energies corresponding to a normalized
<1>(r/a)=_21 ciexp(—dr/a). (19 energy e<0.1 (standard notation is used hgr&Vhen the
“

energy is increased in the theory, the standard deviations of

The values of the coefficients of the expanstprandd;  the projected ion ranges are observed to be too high, presum-
for various potentials are given in Refs. 1 and 2. The sim-ably because the interaction potential used in the theory is
plest potential of the typél) is the Bohr potential, for which  too rigid.
in Eq. (28 we haven=1, c;=1, andd;=1. Interaction In light of the unquestionable success of the modified
potentials of the typél) are used in the Monte Carlo com- hard-sphere model in describing the passage of low-energy
puter simulation of the sputtering of materials, the reflectionheavy ions through matter, it is proposed that the screening
of ions from the surface of a solid, ion implantation, etc.function be introduced in the simplest form, which has an
Despite the relatively simple form of the interaction potentialeffect similar to the hard-sphere model in that it ensures a
(1) and(1a), the calculation of the parameters of a fast par-finite radius of interaction of the colliding particles, but with
ticle after elastic scattering by the target atoms requires nua softer interaction potential than for hard spheres, which
merical integratiort,which drastically increases the comput- goes over to a Coulomb potential at high ion energies. The
ing times and involves a large number of trials. It would proposed screening function is
therefore be helpful to construct a new model potential that
would correctly reflect the principal scattering laws and that l1-r/a for r=a,
could be used to derive analytical expressions for calculating O(r)= 0 for r>a, &)
the parameters of a fast particle after elastic scattering.
wherea is the screening length.

The scattering angle of the incident ion in an elastic
collision with a target atom in center-of-mass coordinates
(CM frame is given, according to Ref. 1, by the relation

Grandeet al2 have published the results of a comparison
of the experimental ranges of low-energy and medium- x=m—2¢, 3

CONSTRUCTION OF A NEW MODEL INTERACTION
POTENTIAL
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where

pdr

¢0:J 2 ’
Tmin ) p V(r)
r2\/1-——
r2 E,

p is the impact parameter,;, is the distance of closest
approach of the colliding particleg, is the kinetic energy in
the CM frame, which is related to the ion enerfyin the
laboratory framefor stationary target atorhby the equation
E,=m,E/(m;+m,), m; is the mass of the ion, anah, is
the mass of the target atom.

Substituting the potential3) into Eq. (1) with the
screening function in the forr{2), after simple mathematical
transformations we obtain an equation for the cosine of t
scattering angle in the CM frame:

2(1-t)(p/a)?
at+4t(pla)+(pla)?’

cogy=1— 4
wheret=(p/a)? andp=27,Z,e?/E, .

The resulting equatiofb) can be used to determine the
ion stopping powefs, in elastic stopping and the straggling
Q2 of the energy losses in elastic collisions. According to
Ref. 8, these functions are given by the relations

Tmax

f T do,
0

whereT is the energy transferred to the target atom in colli-
sion with the ion, T .= 4mm,E/(m;+m,)? is the maxi-
mum energy transferred, anidr is the differential scattering
cross section.

Taking into account the relationB=T,,,sir?(x/2) and
do=2mwpdp, we obtain

Sy=Tmaara®f(X),

Sh

Tmax
02= f T2do,
0

Q=T ma’F(X),
where
f(X)=X[(1+X)In(1+1/X)—1],
F(X)=X[1+(1+X)(1/X—2In(1+1/X))],
(pla)®

T ®

We transform to the conventional dimensionless vari-
ables used in analyzing the motion of fast particles in matter,

according to Ref. 8:

_ Myare
Z,Z,€*(mp+my)’
So(s) = T2 Sy(E)
" ml 47TaT|:ZlZZGZ '
2
1/ mi+m, )
w(e)=—| ——=——| Q¥E),
T\ 4Z,Z,e°m,

arr=0.885%,/(22°+72%12 is the screening length in the
Thomas—Fermi approximation, alg is the Bohr radius.

hé
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From Eqgs.(5) we obtain expressions for the ion stopping
powers,(e) and the straggling (&) of the energy losses in
the form

a\?
Sn(e)= an e f(X(e)),
a\? -
w(e)= a e?F(X(¢)),
- 1 2
X(e)= (arg/a) ®)

4 2+ (arela)e

It follows from Egs.(6) thats,—Ine/2e andw—1/4 in
the limit e — o0, coinciding with the asymptotic behavior of
he functionss, andw for the Coulomb interatomic interac-
tion potential. In the limite—0 we haves,— (a/ag)%e/2
and w— (alarg)?e?/3, consistent with the hard-sphere
model?

In low-energy experiments the ion stopping power is ob-
served to have approximately a square-root dependence on
the energy’ which differs from the dependensg(e) given
by Egs.(6). To bring Eqs(6) closer to reality, it is proposed
that the screening lengtnbe assumed to depend on the ion
energy. In this way the screening function in the interaction
potential(1) is assumed to depend not only on the distance
between the colliding particles, but also on the energy of the
ion. If the dependence of the charge state of the(ighich
largely dictates the screening functjdn its motion through
matter is taken into accoufi the stated assumption appears
entirely reasonable. To ensure thgf— e in the limit
£—0, in Eqs.(6) we introduce the energy dependence of the

screening length in the form
a=arre Y8,

)

where the parametgt can be regarded as a fitting parameter.
For this energy dependence of the screening length the
stopping power and the straggling assume the form

sn(s>=B—€f(7<(s>>,

3/2

& ~
w(S)ZF(X(S)),
- B?
X(S): 4(83/2+ B83/4) ' (8)

In Figs. 1 and 2 the ion stopping powers and straggling
of the energy losses, calculated from E@, are compared
with the corresponding functions for the Makeand Kr—C
potentials given in Ref. 8. Fop=0.54 the ion stopping
power obtained in this paper essentially coincides with the
stopping power for the Kr—C potential at ion energies in the
interval 10 3<e<0.1. For 8=0.6 these stopping powers
essentially coincide in the energy interval>0.1. The
energy-loss straggling obtained in this paper for 0.54 is
greater than the straggling for the Makeand Kr—C poten-
tials. For 8=0.7 the straggling calculated from EJ®) is
close to the straggling for the Kr—C potential.
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of the solid k<0). When an ion comes to rest in the mate-
rial, the coordinate at which it stopped is determined and
written to a file from which the spatial distribution of ions
implanted in the material is constructed. The number of trials
(number of ion trajectories traceds set relatively high to
ensure that the results will be statistically reliable.

In the Monte Carlo simulation of various processes ran-
dom variables are customarily expressed in terms of one ran-
dom variableg distributed uniformly in the interval from O to
1. In the simulation of ion ranges in matter the distance tra-
versed by an ion between successive elastic collisions, the
75*3' ' ‘“%7 L ""'0"1 Lt """7' L "“'7'27 impact parameter, anq the azimuthal scqt.tering apgle are re-

’ A garded as random variables. The probability density function
of the ion energy changing fromto ¢’ as a result of inelas-
FIG. 1. Stopping powers of ions for various interaction potentials: the Kr—Cje slowing processes during its motion between two succes-

potential(solid curve; the Moliere potential(dot-dashed curye calculated . : L. - . . .
from Eq. (8) for =0.54 (dotted curvé the same, for8=0.6 (dashed ~ SIV€ elastic collision events is determined in accordance with

curve. Ref. 7 from the relation
1  o(e) ¢l o(gh)
plee)=5—F——exg— | 55— —-de’|,
NUMERICAL SIMULATION OF THE RANGES OF IONS IN Q madsy(e) ¢'Q madesy(e’)
MATTER USING THE NEW MODEL POTENTIAL (9)

We have developed a program for simulating the range¥hereQ=4m;m,/(m;+m,)?, s¢(s) is the stopping power
of ions in matter by the Monte Carlo method, using theOf the ions in inelastic slowing, and(e) is the total elastic
above-described model interaction potential. Let us first lisscattering cross section, which is defined interms of the
the approximations used in the program. We consider &creening lengthg(e)=ma’(e).
stream of ions with initial energ§, in normal incidence on On the basis of Eq(7) we haveo(s)=ma%e/(B%\z).
the surface of a solid. The surface is located at the spadequation(9) permits the energg’ to be expressed in terms
coordinate x=0, and the solid occupies the half space©f the random variablg by means of the law of transforma-
x>0. As the ions pass through the material, they experiencion of random variable¥? Assuming thats,(e) =k\e , we
elastic collisions with target atoms with random variations ofreadily obtain
their energy and direction. We assume that in motion be- ' _kQB? 10
tween successive elastic collision events an ion loses energy & ' (10
in inelastic collisions, which are treated in the continuous-  The inelastic energy losses of an ion is described in the
slowing approximation. We trace the motion of the ion until continuous-slowing approximation by the equafion
its energy drops below a certain threshold lewgl. By anal- de
ogy with Ref. 5, the threshold energy is defined in terms of — = _ As (s),
the displacement energy of a target atBqn The computa- dl
tion is also stopped when the ion goes beyond the boundaWhereA:anagF, andn is the density of target atoms.
The determination of the distance traversed by an ion
between elastic collisions from the above equation is obvi-

0251 ous:
i //,: 2 -
ozt = I= o (Ve=e"). (1D
L R
//// ' Substituting Eq(10) into (11), we express the distante
015 S in terms of the random variablg
= L o/
3 N7 2\e
010} | = 222 (1— kB2, (113
i Ak
- _5/ The valueé=0 corresponds to the maximum distance
aallE between collisions= 2= /(AK). For é&=1 we have =0. If
inelastic processes can be ignorkd; 0, it follows from Eqg.
) 2‘ : Z" ! bl . 8‘ ' 1l'7 (113 that | —In(1/€)/na(e). This condition corresponds to
e the limiting case of free motion of the ion between elastic
collisions?

FIG. 2. Straggling of the energy losses for various interaction potentials: the P : :
Kr—C potential(solid curve; the Moliere potential(dot-dashed curye cal- The variation of the ion parameters as a result of elastic

culated from Eq.(8) for B=0.54 (dotted curvi the same, forg=0.7 ~ Scattering by a target atom are described by relations taken
(dashed curve from Ref. 1:
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m 2 TABLE |. Parameters of the experimental and theoretical ion ranges.
2 my my
cos®=| 1+ —cosy \/1+2— cosy+|—| , :
my mq mq Experiment Theory

" 1+2m2 N m, 2 " m, 2 lon Target E,kev & Ry, A AR,,A R,,A AR, A

o m, COX T\ m, m,) cu C 30 0250 280 90 300 88

50 0.416 430 130 441 124

where® is the scattering angle of the ion in the laboratory 79 0582 570 160 579 157

frame,&’ is the energy of the ion before collision’ is its 100 0832 785 215 791 205

. . : . 150  1.248 1180 320 1162 283

energy after collision, and cgsis defined by Eqg.(4), in 200 1664 1547 400 1555 362

whicht is proportional to the square of the impact parameteiry C 10  0.047 104 40 121 34

and is modeled by the random variable according to the re- 30 0143 210 70 242 65

lation t= &. 50 0.238 330 90 347 90

The coordinatex, of the kth collision of an ion in the 80 0380 500 145 496 123

terial is determined by summing the corresponding dis- 100 0475 590 160 293 144

ma ! y g the p 9 150 0713 850 215 846 195

placements of the ion along theaxis as it moves between 200 0951 1077 270 1106 245

successive elastic collisions: Rb B 20 0105 170 45 167 43

1 50 0264 325 80 317 78

100 0527 565 150 552 125

Xk=2 lim, 300 1.581 1550 320 1592 310

wherel; is the distance traversed by the ion betweenjthe
and the { + 1)st elastic collision, ang; is the cosine of the
angle between the trajectory of the ion after jtiecollision
and thex axis.

According to Ref. 5u; obeys the recursion relation

experimental data. The maximum relative deviation of the
theoretical values dR, andAR,, from the experimental does
not exceed 17%. The absolute deviation does not exceed
Mj=pmj—1COSO + \/1—,ujz,1 sSin® cosi. 42 A Figyre 3 shows histograms of the spatial distribution of
] . ) . Cu ions in a carbon target, calculated by the Monte Carlo
The azimuthal scattering angjeis expressed in terms of the  ya1hod. for two approximations: with inelastic losses taken
random variablg by the relationyy=2m¢. o into account k=0.04) and without inelastic losse&0).

Our tracing of the trajectories df ions from their firSt  \yhen inelastic losses are disregarded, the maximum of the

entry into the material until they stop produces a set of valgatia| distribution shifts toward higher valuesyofand the

ues of the coordinates at which the ions stop in the materialyisiribution broadens. For example, lais varied from 0.04
Xi, 1=1,...,N. These calculations are used to plot histo-io 0, R, increases from 1555 A to 1742 A, anR, increases
grams of the spatial distribution of implanted ions and tofrom 362 A to 440 A. It follows from Fig. 3 that the spatial
determine certain averages: the average projected fpge distribution of implanted 200-keV Cu ions in a carbon target
and the rms deviatiodR,, of the projected ranges: is very accurately described by a Gaussian distribution:

N N

3 Jis s 1 1/x—R,)|?
> X AR,= => Xiz—Rlzj. (12 Ni(X)=—exp<——( P )
= N= ARyZm | 2\ ARy

RESULTS OF MONTE CARLO CALCULATIONS

Z| -

Ry=

To describe the ranges of ions in matter by the given L
model, it is necessary to speciky which characterizes the ot
inelastic energy losses, an@, which characterizes the B
screening length. We regaif and k as fitting parameters
and determine them by trial and error in comparing the re-
sults of the numerical calculations with experiment. In Table
| the experimental values d®, and AR, from Ref. 3 are 0.0 -
compared with the results of the Monte Carlo calculations. L
For each energy the calculations are carried out by tracking 002
10° histories. The relative error of calculation of the average " |
value ofR;,, estimated in accordance with Ref. 10, does not 0 00 2000 00 4“0
exceed 0.3% in this case. The valuegaindk for the given z, A
ion—target pairs are determined in the stage of preliminary

calculations. We hav<;‘8=0.67 andk=0.04 for the pair FIG. 3. Spatial distribution of implanted Cu ions with enefgy 200 keV

_ _ _ in a carbon target. The histograms are calculated by the Monte Carlo method
Cu-C, p=0.6 and k_—O.(_)4 for Rb—C, andg=0.57 and for B=0.67, k=0.04 (solid curve and k=0 (dotted curve The curves
k=0.05 for Rb—B. It is evident from the table that the resultSyepresent Gaussian distribution functions Ry=1555 A, AR,=362 A

of the numerical calculations are in good agreement with thesolid curveand forR,=1742 A, AR,=440 A (dotted curvg
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CONCLUSIONS

We have proposed a hew model interaction potential in
the form of a screened Coulomb potential. We have derived
L analytical expressions for the scattering angle in the center-
of-mass frame as a function of the impact parameter and the
ion energy. We have obtained analytical expressions for the
121 stopping power of ions in elastic collisions and the straggling
r of their energy losses. We have written a program for simu-
10fpo—o—o—o—" " lating the ranges of ions in matter by the Monte Carlo

S I R ' L method, taking elastic energy losses into account in the ap-
0 50 100 150 200 . . : . . R

E keV proximation of the new interaction potential and taking in-
’ elastic losses into account in the continuous-slowing ap-
FIG. 4. Ratio of the ranges of Cu_ _ions in a carbon target, ‘calc_ulated by t_h(proximation_ We have calculated the rangggA Rp for Cu
Monte Carlo method in the modified hard-sp_here approximation and W'thand Rb ions in carbon and boron targets. The results of cal-
our new model potentia3=0.67,k=0.04; the circles represenj, and the . . .
squares represet , . pulgtlo_ns agree very accurately with the exp_erlmer?tal resqlts,
indicating that we have made a good choice of interaction
potential. Our comparative calculations of the ranges of ions

These results show that the proposed interaction poterin matter in the approximation of the new model interaction
tial can be used to described the ranges of ions in matter witpotential and in the approximation of the previously devel-
high accuracy when the stopping of the ions is governed byped modified hard-sphere model have shown that the modi-
both elastic and inelastic energy losses. We can use tHeed hard-sphere model can be used to calciigtandAR,
newly developed program to determine the domain of appliat low energiess <0.2. The projected ion rang®, in the
cability of the modified hard-sphere model proposed in Refsmodified hard-sphere model essentially coincides over the
4 and 5 for calculating the ranges of low-energy iors ( entire energy range with the projected range calculated in the
<0.1) in amorphous substances. In the modified hard-sphe@proximation of the new, more realistic interaction poten-
model scattering is isotropic in the CM frame, and the totaltial. This agreement can be utilized in the future to determine
elastic scattering cross section of the ions is described, athe fitting parameteiB in the equation for the screening
cording to Ref. 4, by the relation(s)=27-ra$an(s)/s. In length of the new model potential by a quick and easy pro-
the Monte Carlo calculations we determisg(e) for the  cedure, which does not use Monte Carlo calculations and
modified hard-sphere mode from E®). relies instead on the simpler technique of comparing the ex-

Corrections corresponding to this model have been introperimental values oR, with analytical result®btained in
duced in the program for the Monte Carlo calculations of thehe modified hard-sphere model.
ion ranges. The results of the calculations for the pair Cu—-C
in the modified hard-sphere model approximation are shown
!n relatl.ve form in Fig. 4 The quamltle’% an.d 5rp plotted 1W. Eckstein, Computer Simulation of lon-Solid InteractiorfSpringer-
in the figure are the ratio of the_(_:orrespondlng quantilgs Verlag, Berlin-New York, 1991
and AR,, calculated in the modified hard-sphere model ap-2a. F. Akkerman,Modeling of Charged Particle Trajectories in Matter
proximation to the ranges calculated in the approximation of (Energoatomizdat, Moscow, 1981201 pp.

; ; ; ; 3M. Grande, F. C. Zawislak, D. Fink, and M. Behar, Nucl. Instrum. Meth-
the new(rea) interaction potential. It follows from Fig. 4 ods Phys. Res. B 2682 (1991,

that the projected ion randg, calculated in the hard-sphere g . shain, zh. Tekn. Fiz.66(10), 63 (1996 [Tech. Phys41, 1005
model approximation essentially coincide with the range cal- (1999)].
culated for the real interaction potential over the entire en—SI(El-gg%)]Sth, Zh. Tekh. Fiz.67(10), 16 (1997 [Tech. Phys42, 1128
ergy range. The rms o!ewqﬂoﬁRD N the_modmed hard-' SE. G. Shekin, Zh. Tekh. Fiz.68(9), 33 (1998 [Tech. Phys43, 1039
sphere model approximation is too high. The relative (199g).
function ér, increases as the energy is increased. We find’E. G. Shéin, zh. Tekh. Fiz.69(2), 93 (1998 [Tech. Phys.44, 218
that 6r,<1.1 at ion energie€<10keV (¢<0.083), and 859293{ oy and E. E. K . ) iR 0

— H _ _ . _ . A. Kumaknhov an . F. KOmarownergy Losses an anges ot lons
5rp_~ 1.2 at an ion energiE=30keV (e _—_0.25). This com in Solids[in Russiai, Minsk (1979, 320 pp.
parison shows, therefore, that the modified hard-phase modely .4, ontsuki, Charged Beam Interaction with Solid&aylor and Fran-
can be used to calcula®®, and AR, in the energy range cis, London(1983; Mir, Moscow (1985, 280 pp].
£<0.2. In the range of higher energies the modified hard-m'- M. Sobol’, Monte Carlo Numerical Methodsn Russiani, Nauka, Mos-
sphere model can be used to calculate the projected rangémw(lg?a’ 312 pp-

R, ,but the rms deviatiod R, is much too high in this case. Translated by James S. Wood
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It is shown that the critical self-charge for the onset of instability of a charged drop in a flow of
an ideal fluid decreases as the flow velocity of the fluid past the drop increases, i.e., a
complex instability arises which is a superposition of the instabilities of the free surface of the
drop with respect to the tangential discontinuity of the velocity field at the free surface of

the drop and with respect to the self-charge. 1899 American Institute of Physics.
[S1063-784299)00205-9

Charged particles moving relative to a medium are enfor the perturbed surface of the drop in the forf®,t)
countered in various problems of technical physics, geophys=R+ £(©,t). We assume that the wave motions in the sur-
ics, and technology-® However, despite a great number of rounding medium and in the drop, like the potendabf the
studies of the breakup of freely falling drops in the atmo-electric field of the self-charge in the vicinity of the drop, are
sphere(see the survey in Ref.)4problems associated with of the potential type with harmonic velocity potentials,
the functional relations involved in the development of insta-and ¥ ,, respectively, which obey the Laplace equation. The
bility in drops with respect to their self-charge and the tan-problem is stated mathematically in the form
gential discontinuity of the velocity field at the free surface :
of the drop have not been investigated to date. This problem AP=0; A¥;=0 (i=1;2); @)
has very important bearing on thunderstorm electricity in _0- _n- _ .
regard to the study of the physical mechanism underlying the =00 Vom0 d=const @
initiation of lightning discharges. According to Refs. 5-7, r=R+¢  ®=const;
lightning can be initiated from a corona discharge in the
vicinity of a freely falling, large, waterlogged hailstone. & 1 9V, 96 oV,

However, the strength of the external electric field required =R G 2 90 ar ©)
to trigger a corona discharge in the vicinity of a hailstone is

far above the levels actually observed in thunderclouds. On 5« jp,

the other hand, it is known from experiméhtbat airflow =—,

4

around the boundary lowers the critical external electric field g

for triggering a corona discharge. This kind of phenomenon v, v,

can be attributed to the interaction of two types of instability ~ —p1——+pa—— —p1(V¥)?~Pe+P,=0; 6)
of the free surface of the water layer on the boundary sur-

facg: its i_n_stabi_lity with respect to the inQUceq cha?gnf.)d r—oo: VW¥,=U; ®—0. (6)
its instability with respect to the tangential discontinuity of

the velocity field® The squared term-(VW¥,)? is retained in Eq(5) be-

Inasmuch as the critical conditions for instability of cap- cause it contains a term of zeroth-order smalln®ssis the
illary waves on a charged surface of a liquid in the presenc@ressure due to surface tensié; is the pressure created by
of a tangential discontinuity of the velocity field does not the electric field on the free surface of the drop, anid the
depend on the viscosifythe discussion that follows can be coefficient of surface tension.
simplified by confining it to the ideal-fluid approximation. 2. To simplify the solution of the problem, it is useful to

1. Let an ideal, incompressible, dielectric medium of transform to dimensionless variables, in whigkr 1, o=1,
density p; and dielectric constaré move with a constant andp,=1. All other quantitiegfor which we keep the same
velocity U relative to a spherical drop of radi&sof an ideal, notation as befojeare then expressed in units of their char-
perfectly conducting fluid of densitp,, which carries a acteristic values
chargeQ. We wish to determine the critical conditions for Rt —R¥22,-12 |y —R-12,-12 10
instability of capillary oscillations of the drop under the con- ~ "*~ v ' P20 P P2
ditions desc_ribgd her_e. o _ _ _ p,=R lo: Q,=R¥%"2

The entire investigation is carried out in spherical coor-
dinates with origin at the center of the drop in the linear  Here, as in the similar Helmholtz instability problém,
approximation with respect to the perturbatig(®,t) of the  we setp,/p,=p. We seek a solution of Eqsl), together
equilibrium spherical surface of the drop due to thermal capwith Egs.(2) and(6), for ', and¥', and for the perturbation
illary waves of amplitude~10~8 cm. We write the equation £(6,t) in the form

1063-7842/99/44(5)/7/$15.00 486 © 1999 American Institute of Physics
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Wi(r,t)=e+> Ay MDY (w)expS);
n

Wo(r,t)= 2>, Bor"Y,(w)exp(St); 7)

g(r.t>=; Z,Y () exp(SY;

whereY () are normalized spherical harmonigs=cos,
Sis the complex frequency, and,, B,, andZ, are quan-
tities of the same order of smallnesgsis the velocity poten-
tial of the fluid flow in the vicinity of the unperturbed spheri-

cal surface, the gradient of which gives an expression for the

freestream velocity field:
R3

V=Vg¢p=— ;[3n(U~n)—U]+U,
r

wheren is the vector normal to the surface of the drop.
We assume for definiteness that the velotitys in the

same direction as theaxis in a Cartesian coordinate system.

Making use of the fact that,=ecodd—eysin® and n

=g, we write an expression for the fluid flow velocity in the

vicinity of the drop in spherical coordinates:

3 R3

V=U cos® e—Usin® 1+; e. (8)
r

1— —
r3

Substituting the solution&7) and (8) into the boundary
conditions(3)—(5) and invoking the well-knowH recursion
relation

o dY, n(n+1)
Sin® —= Yni1
0 \/(2n+1)(2n+3)
n(n+1)

Yn,l,
J2n+1)(2n-1)

we obtain the following in the linear approximation with
respect to the small parameters:

=1 3 Sz, (wexsy- U3 Z,

n

n(n+1) n(n+1) )

X Yn+1_ Yﬂ—l
V(2n+1)(2n+3) V(2n+1)(2n—-1)

Xexp(St+ D, (N+1)A,Y,(u)expSt)=0; )

> SZYn(w)expSt =2, nByr"Y,(u)expSt); (10)
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—pS>, A,Y.exp(SH+SY, B,Y,
n n

n(n+1)

Yai1
V(2n+1)(2n+3)

xexp(St) +3pUD. A,
n

n(n+1)

Yn—l
V(2n+1)(2n—1)

QZ
X exp(SY— 7 — > (n—1)Z,Y,

Xexp(Sth+ > (n—1)(n+2)Z,Y,expSt=0, (11
n
Where the relations

r=1:. vv¥,=

-> An<n+1>Yn<mexncxso}er

Y,

+ 3u in®+ >, A S :
S Usi 4 n e EXASY €

9
(VI,)2~ Zuzsinz@ - 3u; A,

n(n+1)
(2n+1)(2n+3)

n+1

n(n+1)
Yn-1
V(2n+1)(2n—-1)

have been taken into account, and the expressions for the
pressured, (£) and Pg(¢) are written in the form

exp(St);

Pg<§>=; (N—1)(N+2)z,Y (1) eXp(SY);

2
Pe=— 71— 2 (N—=1)Z,Yq(w)exp St).

Multiplying Egs. (9)-(11) by Y,, and integrating over
the angle®, we obtain a system of homogeneous equations
for the unknown amplituded,,, B,,, andZ,:

3
Szn_Eu(anzn—l_ﬁnzn+l)+(n+1)An=0; (12

SZ,=nB,; (13

—pSA+SB,+3pU[apA, 1~ BrAni1]
Q2
—{m(n—l)—(n—l)(n+2) Z,=0;

_ n(n—1) _ _ (n+1)(n+2) (
“= Gn-DniD P JaniDanis)

From Egs.(12) and(13) we can readily obtain

14)
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1 3
An:m Eu(anznfl_ﬁnzmrl)_szn ;

1
By=-SZ,.

Substituting these relations into E{.4), we obtain an

Grigor'ev et al.

p
(n+1)

N %; n=(-D[n+2-W]. (15

%n:E

3. The necessary and sufficient condition for the exis-
tence of a solution of the homogeneous systés) is that
the determinant constructed from the coefficients of the un-

infinite system of homogeneous algebraic equations that caknown amplitudesZ, be equal to zergsee Eq(16)].

be used to find the amplitudes of the capillary oscillations of

the drop:
PUZKnZn—Z_pUSLnZn—1+{%nSZ_PU2Mn+ YntZn
+pUSLyZys1+pU23nZ,12=0;

This equation is the dispersion relation governing the
spectrum of capillary oscillations of the drop as a function of
dimensionless physical parametéts U, and p. The spec-
trum changes as these quantities are varied, and for definite
values ofW, U, andp certain solution§ﬁ can pass through
zero and become positive. When this condition is satisfied,
the amplitudes of the corresponding capillary oscillation

2
EQ_; _ 92nfn—s 9'8”0‘"*1; = %; grow exponentially with time, i.e., the drop becomes
Ame 2n 2(n+2) 2n unstablé and decays according to the law described in Ref.
11. The condition for the onset of zero solutions of the dis-
_ (On+6)ay, _ (On+ 12)B, _ 9BnBn+1, persion relation is that the free coefficient of the dispersion-
" 2n(n+1) " " 2(n+1) ' " 2(n+2)’ relation (16) be equal to zergsee Eq(17)]:
%#,5%— pU?M,+ v, pUSL, pU2J, 0
—pUSL, %#3S%— pUM3+ ;3 pUSLg pU?J,
pU%K, —pUSL, %42 — pUM 4+ v, pUSL, .
0 pUZK, —pUSLy %52~ pUZMg+ys ...| =0 (16)
y2—pUM, 0 pU2J, 0 0
0 y3—pU3M, 0 pU2J, 0
pU%K, 0 Ya—pUM, 0 pU2J,
0 pUZKg 0 vs—pU2Mg 0 . — 17
0 0 pUZK 0 Yo— pUMg

The system(15) is infinite, and the determinaril?) is It is evident from this result that the necessary value of
also of infinite order. It is convenient to seek the critical the Rayleigh parametat for the onset of instability of the
conditions for the onset of instability of the capillary oscil- drop with respect to the self-charge decreases as the velocity
lations (i.e., the critical interdependence W, U, andp) by  and density of the medium increase. Md#r=0 we obtain the
successive approximations, considering two, three, four, andondition for the onset of instability of the drop with respect
more equations of the systehb). On the other hand, certain to the tangential discontinuity of the velocity field:
conclusions can be drawn at once about the solutions of
Eq. (17).

If mode interaction is disregarded, the critical conditions
for instability of thenth capillary mode have the simple ana-

1
pU?=(n—1)(n+2) —.
My

It is evident from Eq.(18) that the critical value of the

lytical form Rayleigh parameteMV=W, for the onset of instability,
evaluated forn=2, decreases rapidly as the flow velocity
, around the drop increases:
(n+2)—(n_1)pU M,—W=0. (19 W, —4— pUM,. (19
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FIG. 3. Dependence of the real and imaginary components of the frequency
Son the flow velocityU.
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The critical relationW=W(pU?), calculated numeri-
cally from (17) for n=2 using the first six equations of the
system(15), is plotted in Fig. 1. A comparison of the results
of the numerical analysis with the analytical relatiGiD)
show that the solutions converge very rapidly — in two or
three steps — in the given successive-approximation proce-
dure. It is evident from Fig. 1 that the relation
W=W(pU?) differs very little from the linear relation pre-
dicted by Eq.(18).

From the geophysical standpoint the rapid decrease in
the critical value of the parameteVN for the onset of
intrinsic-charge instability of the drop gdJ? increases has
motivated renewed efforts to construct a physical model of
the initiation of lightning discharges’'? Existing notions
are based on the concept of a corona discharge being trig-
gered in the vicinity of a large thawing hailstone falling
freely in a thundercloud, and the results obtained above
canbe used to reconcile the initiation model with the realities
of a thundercloudfrom the measured charges at the bound-
aries, the strength of the electric field in the interior of the
FIG. 2. Dependence of the real and imaginary components of the dimen(—:IOUd’ anc.j the r.ate of dgscent of the haHstOnes .
sionless frequencs of capillary motions of the fluid on the dimensionless The dispersion relation of the problem without mode in-
velocity U of the flow past the drop. teraction also has a simple form:

Im §
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FIG. 4. a: Dependence of the real and imaginary components of the freqBamcthe velocityU, p=1, W=0 (the mode orders are indicated by the curve
numbers2—7); b: dependence analogous to Fig. 4a, drawn to a larger scale.

-1 the instability of the drop is oscillatorfpranches$ and9), as
(200 s typical of instability of the Kelvin—Helmholtz typ&®*3
Another striking feature is that to the right of the veloc-
and in the limitU—0 coincides with the well-known disper- ity interval in which the second and third modes interact, the
sion relation for the capillary oscillations of a charged dropgrowth rate of the aperiodic instability of the third mode is
in a dielectric mediund. higher than the growth rate of the aperiodic instability of the
4. Numerical calculations by successive approximationssecond mode. A similar pattern is observed for the fourth and
according to the dispersion relati¢h6) show that the quali- fifth modes. This result can be interpreted in the light of Egs.
tative behavior of the capillary frequency of the drop as a(20), which give the dispersion relation without mode inter-
function of the freestream velocig= S(U) is the same for action. It is evident at once that the derivative $ff with
the different modes av=0; it is shown in Fig. 2 for the first respect topU?, which gives the growth rate o§, as U
six modes wherp=10"3. The curves are labeled by the varies, is proportional tm- M ,~n3, i.e., without mode in-
mode order2-7. One noticeable phenomenon is the pair-teraction the instability growth rates of the higher modes
wise interaction of even and odd modes, which generates thiacrease with the mode order as the surrounding flow accel-
oscillatory solution8 and9. Branches3 and9 of the disper- erates. An increase in the wave number of the most unstable
sion relation, which differ from branchez-7 in that they = mode as the shear flow velocity increases has also been noted
have both real and imaginary components, are the result afi an analysis of the classical Kelvin—Helmholtz instability
interaction between the second and third modes and betweem the flat free surface of a flut.
the fourth and fifth modes, respectively. The parts of the  The indicated difference in the growth rates of the sec-
ReS=ReS(U) curves situated in the region Be-0 deter- ond and third modes should be mirrored phenomenologically
mine the instability growth rates of the corresponding capil-in the relations governing the breakup of an unstable drop.
lary modes of the drop. In a certain velocity range, thereforeFor example, if the maximum instability growth rate occurs

np

Sh=[n(n—1)[W=n+2]=npUM]| 7o+

1
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FIG. 6. Dependence of the real and imaginary components of the frequency
FIG. 5. Dependence of the real and imaginary components of the frequencg on the velocity U for p=10"2% and a Rayleigh-supercritical charge
Son the velocityU for p=10"% and a Rayleigh-subcritical charié=3.5. W=45.
Curve 10 is the result of interaction between the sixth and seventh modes.

for the secondfundamental mode for given densities of the Kelvin—Helmholtz instability broaden, but the frequencies
drop and the medium and for a given passing flow velocitycorresponding to the given solutions (8p also increase.
(the rate of descent of the drop in a nonmoving medijthe  Otherwise the qualitative relations describing the behavior of
unstable drop acquires a shape that resembles a spheroidtbé S=S(U) curves are similar to those shown in Fig. 2.
revolution [characterized by the second Legendre polyno- The S=S(U) curves shown in Figs. 4a and 4b exhibit
mial P,(w)] and then breaks up into two approximately something of an exotic character in that they have been cal-
equal daughter droplets. If the maximum instability growthculated for equal densities of the medium and the drop. Here
rate occurs for the third mode, the shape acquired by the drapot only is interaction observed between consecutive modes
resembles a parachufeharacterized by the third Legendre — the second and thir(curve 8) and the sixth and seventh
polynomial P3(w)], and it breaks up into a set of small and (curve 11), but branches corresponding to interaction of the
somewhat larger droplets. These two possible breakup chasecond and fourth modésurve9) and third and fifth modes
nels have been observed experimentalhe oscillatory in-  (curve 10) are also given. Nonetheless, such a dependence
stability of a freely falling drop differs in experimerits. can be realized for physical entities such as ball lightning

It should also be noted that the critical dependences oand help to explain why there have been no accounts of
W, p, and U for the sixth and seventh modes have beerrapidly moving ball lightning in eyewitness repotfst®
obtained for a low degree of mode interaction, since the de- When a charge is present on a dr@pg. 5, the main
terminant for the first six equations of the systéh®) was trends of theS=S(U) curve are as described above except
used in the numerical calculations. This consideration acfor a decrease in the critical velocities at which the drop
counts for a certain difference of the qualitative behavior ofbecomes unstable, consistent with the analytical reldfidn
the ImS=Im S(U) curves for the sixth and seventh modesand the data in Fig. 1. The curves are numbered the same as
from the lower modes. above.

The region of oscillatory instability becomes wider as Figure 6 illustrates the case of a drop carrying a charge
the density of the medium increases. This situation is illusslightly above the critical value for Rayleigh decaw
trated forp=10"2 in Fig. 3. The curves are numbered the =4.5 [the drop becomes unstable \At=4 (Ref. 3]. It is
same as in Fig. 2. Clearly, not only does the region ofevident that an unstable solution characterized by the growth
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the free surfac&®3The interaction of these instabilities cre-
ates several different channels for breakup of the unstable
drop. In any case the daughter droplets now carry high
charges regardless of the channel by which breakup occurs.
5. A charged drop immersed in a flow of an ideal liquid
or gas can become unstable and emit highly charged droplets
‘: at values of the charge which are subcritical in the sense of
= g 1 L 1 instability with respect to self-charg&ayleigh instability.
This phenomenon is possible by virtue of the superposition
of two types of instability: instability of the free surface of
the drop with respect to the tangential discontinuity of the
velocity field and instability with respect to the self-charge.
The flow past the drop can acquire both aperiodic and oscil-
latory instabilities, depending on the density ratio of the drop
and the charge, the charge of the drop, and the flow velocity
past the drop. Aperiodic instability can be achieved by de-
formation to a prolate spheroid and breakup of the drop into
two droplets of comparable siZat low passing flow veloci-
ties) or by deformation to a parachute configuration and
breakup into a set of small and slightly larger droplé&is
high passing flow velocitigs The results of the foregoing
analysis are in agreement with experimental data.
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The problems of asymmetric interaction of a blunt wedge traveling at supersonic velocity with a
cylindrical blast wave from a point explosion and with a plane shock wave are investigated

by numerical simulation. The evolution of the interaction flow is analyzed, and data are obtained
on how the structure of the shock layer changes. 1999 American Institute of Physics.
[S1063-78429900305-0

INTRODUCTION through the center of the explosion and overtakes the wave

front of the undisturbed blast wave. It was shown that sec-

The last few years have witnessed a steady interest iBndary rarefaction and shock waves are formed inside the
problems relating to the interaction of bodies moving at sushock layer in this case.

personic velocity with various types of disturbances in the  Data on asymmetric interaction are all but lacking, being
incident flow;~*? specifically with an explosion zon€™"  represented solely by a calculatioof the lateral effect of a
One of the most frequently encountered gasdynamic modelsiane shock waveM s=1.1) on a supersonicM..=2.95),

of explosion is the instantaneous point explosion mddel, spherically blunted cylinder.

wherein a shock wave, bounding a gas volume in which the  |n this paper we discuss the results of numerical simula-
distribution of the parameters is markedly inhomogeneous ifion of the asymmetric interaction of blast waves and shock
both space and time, propagates from the center into thgaves with a blunt wedge moving at supersonic velocity. We

surrounding space. The main mass of the gas trapped by th@nsider the problem for the planar, two-dimensional case.
shock wave is concentrated near the wave front, where very

large pressure and density gradients are observed. The cen-

tral zone is chqractenzed by an almo:_st total absence of. 98 ATEMENT OF THE PROBLEM AND NUMERICAL

and by a very high temperature. Transient phenomena stimy;etyop

lated by the supersonic motion of a body through an explo-

sion zone produce significant changes in the structure of the Figure 1 shows an interaction flow diagram at the time
flow around the body and impose dynamical and thermat=t, for the case when the oncoming wave is a blast wave.
loads on the body. Axisymmetric interaction flows have beerA cylindrically blunted, infinite wedge moves with super-
investigated in several papérd-® The results of calculations sonic velocity through a homogeneous medium, which is at
of the encounter of a supersonidi{,=2.95), spherically rest. The velocity vector of the wedge is parallel to its sym-
blunted cylinder with a low-intensityM s=1.2) plane blast metry axis. A steady flow moves past the wedge with an
wave are given in Ref. 1. The gas dynamic parameters besutgoing bow shock. At=t, a pointC of the bow shock,
hind the blast wave front were assumed to be constant in theot a symmetry point, hits the wave front of a blast wave
calculations. In this case a new steady flow begins to evolvef radiusR(ty) propagating from a cylindrical point explo-
around the bow section of the body, corresponding to theion in the same medium at rest relative to the explosion
flow parameters behind the incident wave front. centerQ'.

The results of calculations of the flow of interaction ofa ~ The problem is solved in Cartesian coordinafesy},
supersonic 1,,=2.0) blunt cone with a with a spherical whose origin is located at the center of the cylindrical blunt-
blast wave Ms=4.37) from a point explosion are given in ing of the wedge and whoseaxis coincides with the sym-
Ref. 6. The flow around the body remains extremely un-metry axis of the wedge. The medium is an ideal gas with a
steady throughout the entire interaction stage. As the coneonstant specific heat ratmp To describe the unsteady, pla-
moves deeper into the interior of the explosion zone, thenar interaction flow, we use Euler equations of motion writ-
forward part of the bow shock rushes away from the bodyten in the form of integral equations expressing the conser-
causing the bow shock to stretch out toward the center of theation laws> To form dimensionless variables, the presgure
explosion. The pressure ratio at the symmetry point of theand the density are scaled to the pressuype and the den-
bow shock tends asymptotically to unity. sity p., in the undisturbed body and in the explosive atmo-

Turchak and KamenetsRi* have numerically modeled sphere, the velocities are scaled . (p.,)*?, linear dimen-
the interaction of a supersonic, spherically blunted body withsions are scaled toE{aqp.)Y”, and time is scaled to
a spherical blast wave emanating from a point explosion an€p../p..) ~Y(E/ aop..)"”. HereE is the linear energy density
having, at the instant of encounter, a radius comparable witbf the cylindrical point explosiongg= ag(v,vy) is a self-
the blunting radius of the nose of the body. Calculationssimilar constant? andv is the symmetry parametér=2 for
were carried out up to the time at which the body passea cylindrical explosion

1063-7842/99/44(5)/4/$15.00 493 © 1999 American Institute of Physics
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FIG. 1. R/R(t,)

FIG. 2.

The system of equations of motion is solved
numerically> The bow shock is treated as a mathematicalsuccessive times. The dashed curve in each figure indicates
discontinuity(singled ou}, and all the other shocks are com- the boundary of the central high-temperature zone of the ex-
puted by the shock capturing technique. The calculations arglosion. The interaction flow diagram corresponding to Fig.
carried out on a 6820 grid. 3 is shown in Fig. 4. At a timé=t, (Figs. 3 and #the wave

The governing parameters of the problem are the Maclront of the cylindrical shock wave, interacting with the bow
numberM., of the flow around the wedge before encounter,shock, reaches the surface of the wedge and is reflected from
the Mach numbeM g of the blast wave front at the instant of it. For the lower part of the bow shockelow the axis of the
encounter, the specific heat ratiwf the gas, the coordinates wedgé the interaction with the blast wave front exhibits a
Xo, Yo Of the explosion centdd’, the half angle of the wedge regular behavior. The waves intersect at the p®intFig. 4),
B, and the ratio\=R(to)/r of the initial radius of the blast from which emanate two reflected shock waves and a contact
wave to a characteristic dimensi@n this case the cylindri-  discontinuity. An irregular interaction occurs when the inci-
cal blunting radius of the wedge. dent blast wave runs into the top of the bow shock. A five-
shock configuration is formed with two triple points and
T,, both of which are distinctly visible in Fig. 3.

Proceeding from the point,, the refracted part of the

Here we give the results of calculations ff..=2,  blast wave moves within the shock layer and is incident on
Mg=4.841, x,=-0.06345, y,=-—0.09807, B=10°,
A=40.13, andy=1.4. Att=t, parameters corresponding to
the solution of the problem of an instantaneous pGigtin-
drical) explosion propagating in a medium with
counterpressuté are specified in the interior of the explo-
sion zone. Figure 2 shows the pressure and density distribu-
tions along the radius of the explosi®t(ty) at the time of
encountetty. At the wave front we hav®g=22.62 andopg
=4.777. The nature of the pressure and density distributions
behind the wave front of the incident blast wave corresponds
to the earlier stage of the explosion with counterpressure,
when the solution is qualitatively similar to the self-similar
solution of the problem of a powerful explosibh.Sharp
gradients ofp andp occur in the vicinity of the wave front,
where the main mass of the gas disturbed by the explosion is
concentrated. The central zone of the explosion is character-
ized by a high temperature and a “plateau” in the distribu-
tion of the pressure along the space coordinate. The dynam-
ics of the process of transient interaction of the supersonic
body with the explosion zone is illustrated in Figs. 3 and 5,
which show the calculated fields of equal densities at twarIG. 3.

NUMERICAL RESULTS
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body and the collision of the shock wave fronts. A triple

point T appears on the bow shock as a result of the irregular
FIG. 4. head-on collision of the shock waves, and another shock
wave emanates from this point. The new shock wave, in turn,

) intersects with the wave reflected from the lower surface of
the lower surface of the wedge. A Mach-type reflection nowthe wedge, forming still another triple-shock configuration

takes place from the triple poirkt,. As the refracted blast jth the triple pointTg (Figs. 3 and 4
wave emanates from the poifig, it has a low intensity and As the body moves through the interior of the explosion
is not identifiable in Fig. 3. Simultaneously with the intersec-zone, the conditions of flow around the forward section of
tion of the shock waves, a new flow pattern begins to formthe wedge change, and the blast wave front weakens. An
around the nose section of the wedge, specifically an Unincrease in the standoff distance of the bow shock from the
steady, divergent, floating flow behind the wave front of thepody is noted at a tims, (Fig. 5). The lower part of the bow
incident cylindrical blast wave. The velocity of the gas atshock relative to the axis of the wedge moves through a gas
each point of this flow is the sum of the velocity of the gasof |ower density and rapidly departs from the body, its inten-
relative to the explosion cent®’ and the translational ve- sity diminishing. The elongation of the bow shock in the
locity of the center relative to they coordinate system. Itis direction of decreasing density, i.e., toward the explosion
evident in Fig. 3 that supersonic flow around the nose takegenter 0’, is evident in Fig. 5. Simultaneously the shock
place at an angle of attack. structures with the triple point$s and T disappear. The
Additional shock-wave configurations are formed as ajnteraction of the incident blast wave with the upper part of
result of interference of the two processes — flow around thghe how shock is still an irregular five-shock process and is
accompanied by an increase in the length of the Mach stem.
Figure 6 shows a graph of the pressure distribution over
the surface of the body at the two timgsandt,. The coor-
dinate

4
B 77/2—,8F

(I is the distance along the surface of the wedgeneasured
from the forward critical point of the wedge. The positive
direction of ¢ corresponds to the upper face of the wedge.
The maximum peak pressure occurs on the lower surface of
the wedge after the Mach stem when the refracted blast wave
is reflected from the surface of the wedge. The pressure dis-
tribution at timet; confirms the presence of a complex
shock-wave flow structure about the nose of the wedge. The
flow stagnation point shifts from the forward critical point of
the body(£=0) to the lower face of the wedgg=—3).

At time t, the peak pressure after the Mach stem de-
creases. This effect is attributable to the decay of the blast
wave intensity with time. The presence of an almost
constant-pressure zone on the surface of the wedge is ex-
plained by the entry of the wedge into the explosion zone,
where small disturbances propagate with very high veloci-
FIG. 5. ties, rapidly equalizing the pressure.
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FIG. 8.

FIG. 7.

triple point, inducing such a deformation of the shock-wave
structure.

We have also investigated the asymmetric interaction e close with the remark that the proposed method can
problem for the case when the oncoming incident wave has ge used to reliably simulate complex gasdynamic flows on
plane front and constant gasdynamic parameters behind th®arse computational grids and also to investigate transient
front. The governing parameters in this case blre, Mg,  processes of interaction of supersonic bodies with various
B, v, and the angles between the axis of the wedge and theinhomogeneities.
shock wave front. Here we give the results of calculations for
M..=2, M B:4-371 B=10°, y=1.4, andw=—43°. For the ;J. Champney, D. Chaussee, and P. Kutler, AIAA Paper 82-00282.

given anglew the wave front of the incident shock wave \z/Higk éagzniltzk'saqiﬁég;“rChak’ lzv. Akad. Nauk SSSR Mekh.

before encounter is para”el to the lower Straight part of thesv. F. Kamenetskiand L. I. Turchak, ifNumerical Simulation in Aerohy-

bow shock. Figures 7 and 8 show the flow patterns in the drodynamicgin Russiaf, Nauka, Moscow(1986), pp. 104-115.

. . . 4 . .

form of equal—denS|ty lines at two times. The shock-wave ‘LI Turchak and V. F. Kamenetsky, Irecture Notes in Physic#lo. 323

int ti d th t f the fl d th fth (Springer-Verlag, Berlin-New York, 1989pp. 578—-585.

Interac |ons' an e na_ur_e 0 . e _OW aroyn e nose 0 &V. P. Goloviznin and 1. V. Krassovskaya, i@as Dynamicsedited by

wedge at timet; are similar in this and in the preceding vyu. I. Koptev(Nova Sci. Publ., 1992 pp. 191-229.

example(Figs. 3 and Y. The later time is characterized by °V. P. Goloviznin and I. V. Krasovskaya, Zh. Tekh. F§A(12), 12 (1991
Sov. Phys. Tech. Phy86, 1332(1991)].

tr}e Stabll(e gnSEt of Stheacfily flow around thebwhe.dger?t "?‘” %ngl . P. Goloviznin and I. V. Krasovskaya, Zh. Tekh. Féz(6), 38 (1994

of attack, because the ow parameters be inc the incident;s,y. phys. Tech. Physg, 540 (1994].

shock wave are constaffig. 8). We call attention to the  8vu. P. Golovachev and N. V. Leonteva, Zh. Vychisl. Mat. Mat. F28,

configuration formed in the interaction of the incident shock 148(1989.

i . 9 y .
wave with the upper part of the bow shock. The local inter- ;gi Fl'ggg'o"“he" and N. V. Leonteva, Zh. Vychisl. Mat. Mat. F28,

action parametergthe intensity of the colliding waves and 10p A voinovich, A. A. Fursenko, and S. V. Yuferev, FTIAN SSSR Pre-
the angle between therare such that the encounter diagram print No. 1321[in Russiaf (Physicotechnical Institute, Academyof Sci-
is necessarily irregular. A distinct five-shock configurationus/”CF‘fSGOfIW_3 U-SSS' I'-ea!”g,fad\'(lf’?s dLpy 2 Tekh
. . . . . . . . P. Goloviznin, G. |. Mishin, Yu. L. Serov, and |. P. Yavor, . lekn.
with two trlpl_e pomts is not evident in Fig. 8. The angle Fiz. 57, 1433(1987 [Sov. Phys. Tech. Phy82, 853 (1987].
between the_lnC|dent shock wave and the refracted part of they y, Nabiev and S. V. Utyuzhnikov, Prikl. Mat. Mekis0, 613 (1996.
bow shock is 43° and, according to Landau’s concept of3Ch. S. Kestenbion, G. S. Roslyakov, and L. A. ChudoThe Point Ex-
shock directionality, this refracted shock is “incoming” for plosion: Computational Methods and Tablge Russiad, Nauka, Mos-
the triple pointT. Most likely a compression pulse transmit- 2% (1974 P- 255.

ted from the vicinity of the nose of the wedge attains theTranslated by James S. Wood
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A study is made of the effect of pulse repetition rate (0.13-%0') and average discharge
current(0—1 A) on the breakdown delay time and burning voltage of low-pressure glow discharges
(p<0.1 Pain an electrode system of the reverse magnetron type with a large cathode

surface area410° cn?). It is shown that increasing the repetition rate leads to a many-fold
reduction in the statistical spread in the delay time and in the discharge formation time,

while the average discharge current has a significant effect on the burning voltage. The mechanism
for the observed phenomena is interpreted qualitatively in terms of the presence of thin

dielectric films on the cathode surface. 99 American Institute of Physics.
[S1063-784299)00405-5

INTRODUCTION the magnetic inductiol, pressurep, and current amplitude
I. Since changes in the ignition and burning conditions for
Low-pressure reflex discharges inside a hollow cathodgulsed discharges have a significant effect on the operation
in a low magnetic field are operated in a repetitive-pulsechnd parameters of beams from charged-particle sources
mode in plasma sources for large electron and gas iobased on these discharges, studies of the discharge charac-
beams:? The discharge is excited in an electrode systenteristics in the repetitive-pulsed mode are essential.
with a large interelectrode gap>10 cm at low gas pres- In this paper we study the effect of the pulse repetition
suresp<<0.1 Pa by applying a relatively low pulsed voltage rate and average discharge current on the delay time and
U of amplitude 2—3 kV. The large area of the working sur-burning voltage of a large hollow cathode glow discharge
face of the hollow cathode~10® cn¥) and the low duty and propose a qualitative explanation for processes on the
cycle of the pulses mean that the average ion current at thglow discharge cathode which are capable of affecting the
cathode is low, although the pulsed current density is usuallproperties of the pulsed discharges under experimental con-
1-10 mA/cn? for beam current pulse durations~0.1-1  ditions.
ms and repetition rate§~1-100 s. Conventional oil
vacuum pumps can be used to obtain the vacuum in SOUrCes oo v ienT
for technological purposes. Because the samples have to bé
changed periodically, the electrodes in the source come into In the experiments we used the electrode system of an
frequent contact with the atmosphere. Thus, despite partiabn sourcé (Fig. 1) consisting of a cylindrical hollow cath-
glow-discharge conditioning of the cathode surface, both adede 1 of stainless steel with equal lengthand diameteD
sorbed gas atoms and contaminants may be on it. (150 mm and a rod anod@ of tungsten with a diameter
Under these conditions the experimentally measured ded=3 mm and lengthh=100 mm located on the system axis.
lay times to breakdown are rather long, from tens to hun-Gas(argon, nitrogen, oxygegrwas fed directly into the cath-
dreds of microseconds. Experimetthave shown that the ode hollow and pumped out through the edof the cath-
delay time depends on the applied voltage, gas pressure, ande, which was covered with a fif@.6X6 mm) stainless-
magnetic induction, which determine the rate of rise of thesteel grid. The pressure of the gas in the vacuum vessel for a
current in the gap during the development of Townsend avagas feed of 1 crtatm/s into the discharge gap was 0.01 Pa.
lanches, but also on such parameters of repetitive-pulsed ophe vacuum was created by a oil-diffusion pump without a
eration as the pulse repetition rateand the current pulse trap. A longitudinal magnetic field with an induction of 1 mT
duration 7 and amplitudd. A dependence of the measured was created by solenoids A cylindrical Langmuir probeb
delay time on the prehistory of the discharge and thewith a diameter of 0.4 mm and length of 6 mm was mounted
repetitive-pulsed operating parameters for other dischargen the axis of the discharge system.
burning conditions has been observed befdrelowever, in Discharges were excited in a repetitive-pulsed mode
all the previous reports, changes in the statistical averageith a repetition rate that could be adjusted over the interval
values of the delay time were studied, while in our0.1-1300 Hz. The pulse duration was varied over 0.1-1 ms
experiment$ a substantial change in the delay time was ob-and the pulse rise time was less thap$ The pulse voltage
served with a minimal statistical scatter in the measured valamplitudeU applied to the gap was varied over 1-3 kV. The
ues. It was showhthat the burning voltage of pulsed dis- instability in the voltage pulse amplitude and repetition rate
charges also depend on the pulse repetition rate, as well as @aras less than 5%. The discharge current was varied over

1063-7842/99/44(5)/4/$15.00 497 © 1999 American Institute of Physics
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FIG. 1. A sketch of the electrode system. f‘, 7

FIG. 3. Breakdown delay time as a function of discharge current pulse
0.05-20 A. In the experiments on the effect of the averagéepetition rateU=2 kV, 1=10 A, =1 ms.
discharge current on the burning voltage of the pulsed dis-
charge, we used a cw discharge with a regulated current of
0.1-1 A. In this case a pulsed voltage was applied the gajmcrease inf leads to a sharp reduction in the delay titme
with a dc discharge burning in it. andt also depends on the preliminary aging conditions. At a

The breakdown delay timewas defined as the interval frequency of~5 s ! the statistical scatter in the values of the
from the time the voltag&) was applied until the time of the delay time has fallen to a minimur~2%) owing to the
sharp drop in the voltage across the discharge gap to a levgistability in the amplitude and repetition rate of the pulses
of 0.9U. The burning voltage of the discharge was measure@nd in the discharge formation tin{€ig. 3). Besides a re-
after the discharge currehteached its steady level. The data duction in the statistical spread over frequendie$ s ', a
presented here were averaged over 64 oscilloscope measugtscrease in the minimum detected delay times was also ob-
ments. served. As the frequency is raised further, the delay time

Before the measurements were made, the discharge sygentinues to decrease monotonically and the scattémén
tem was aged for an extended peripdl h) with a fixed mains minimal. After replacement of argon by nitrogen or
value of the average discharge current until the parameters okygen and extended aging of the cathode, t{{f¢ curves
the pulsed discharge ceased to vary. Figure 2 shows plots @hd the variations in the scatter irwith frequency are es-
the breakdown delay time as a function of the time 1/ sentially the same as for the argon discharges. The distinc-
between discharge current pulses in argon after aging at aive feature of repetitive-pulsed discharges in oxygen is a
erage currents of 0.5 Acurve 1) and 0.1 A(curve2). An  much lower rate of increase irfor f<200 s*.

The current—voltage characteristic of discharges in in-
verted magnetron electrode systems is rising and the differ-
ential resistancelU/d| of the discharge decreases with ris-
ing current. Thus, in the pulsed high current regime
(I~5-10 A), the discharge burning voltage depends weakly
on the current amplitude, but its magnitude can be either
higher or lower than the burning voltage of dc discharges
with lower currents for the same conditions in the gap. The
magnitude of the average discharge current has a more im-
portant effect on the discharge burning voltage in the
repetitive-pulsed mode. Figure 4 shows some data illustrat-
ing the effect of the average current in the discharge gap on
20 the burning voltage of pulsed and dc discharges. A pulsed

voltage was applied to the gap with a dc discharge in it at a
2 current of 0.1-1 A and a discharge with a frequerfiey10
P T B ! s~ 1 and a current amplitude of 10 A was excited. As the dc
0 00z 004 006 0.10 current was raised, the voltage of both the dc and the pulsed
1/f,s discharges increased. After the dc discharge was extin-

FIG. 2. Breakdown delay time as a function of the time between dischargduished, the_ puming voltage of the pglsed discharge fe_” to
current pulsesty=2 kV, =2 A, =0.1 ms. the lower initial values after a few minutes. Over the first
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600+ t(f, 1/f) curves shown in Figs. 2 and 3. The reduction in the
rate v at which initiating electrons appear as the pause be-
tween current pulses is increased leads to a rise in the aver-
age values ot and to their statistical spread. The present
experiments are distinguished by the use of a cathode with a
large working surface area, which has led to a reduction in
the statistical spread in the values of the delay time and has
permitted direct measurements of the discharge formation
time at the low current densities following emission
(107 1-10 % A/cm?) from a cathode surface that has been
partially conditioned in the discharge and made it possible to
study the dependence of the discharge formation time on the
conditions in the gap and on the parameters of the repetitive-
pulsed mode.

The statistical spread inhfalls to a minimum forf >5
s~ 1 (Fig. 3. The further reduction inwith increasing may
FIG. 4. Burning voltages of pulsgd) and dc(2) discharges as functions of be caused only by a change in the formation time of a glow
the dc discharge current. The parameters of the repetitive-pulsed dischargischarge. As the rateis changed from 10 to 1300 Hz, the
arel=10 A, f=10 s, and7=1 ms. discharge formation time in argon falls several fgfdom
60-80 to 10-15us under the conditions of Fig.)2The
1-2 min the discharge delay time rose slighty ~5 xS average discharge cur_rent during_ pre!iminary aging of the
Increasing the current pulse repetition rate leads to a rise iﬁathOde has the ODPOSIte effectllom.e., increasing the cur-

. . rent leads to a drop ihand reducing the current, to a drop in

the burning voltages of both discharges.

. the delay time, but the changestiim this case are less, 5-15
The time constant for decay of the plasma was deter- .
s, and take place over a rather extended ftigeveral min-

mined from the rate of change, after the discharge was turn Stes. This dependence dfon the average current indicates

off, of the ion current in the circuit of a Langmuir probe that - : . . i
. . X . that aging is not equivalent to an ordinary cleaning of con
was hegatively biased relative to the cathode. The time fo{amination from the cathode surface, but provides for the

the' voltage across the gap to fall to Zero was a'ﬁewThe establishment of some equilibrium state of the surface after a
estimated decay time for the discharge lies within 15420 . o
certain relaxation time.

An increase in the burning voltage of the pulsed dis-
charge is observed when the dc discharge current is in-
The discharge delay timds determined both by the rate creased within the same interv@ig. 4), as well as when the
v at which initiating electrons appear in the discharge gamverage current of the repetitive-pulsed discharge is in-

and by the formation time of a glow discharge structure increased by varying the pulse repetition rafeurning off the
the gap as the result of the development of a series dodc discharge leads to recovery of the initial voltage and delay
Townsend avalanches. A decrease in the statistical spread fime after a few minutes. After the steady state of the cathode
t with increasing repetition ratéFig. 3 is evidence of a surface has been attained, no significant change in the param-
higher current of initiating electrons. In the experiments, thiseters of the repetitive-pulsed mode is observed over an ex-
current may be caused by the presence of residual chargestiended periodseveral hours
the gap, the influence of metastable atoms and molecules, or These data imply that changing the average discharge
post-discharge electron emission from the catifo@nce current has a significant effect on the state of the cathode
the drop in the plasma density in the volume as the plasmaurface, in which both the ion—electron emission and the
decays is caused by wall recombination, the density fall mustlectron after emission coefficient of the cathode change.
be exponential, as confirmed by experiment. In this caseilere the means by which the magnitude of the average cur-
estimates show that the effect of residual charges can shorent is changedby varying the pulse repetition rate or by
up at repetition rates on the order of 1 kHz for a constanwarying |, 7, and dc discharge currgritas different effects
plasma decay time of-30 us. Since a change in the delay on the variation int and the same effect on the burning
time is observed at much lower repetition rates, while thevoltage of the discharge. This variation in the emission prop-
measured plasma decay times are 154230 we conclude erties of the cathode can be explained by assuming that there
that the behavior of thg(f) curves is not caused by residual are nonconducting thin films on the cathode surface, whose
charges in the discharge gap. It is also improbable that metaegeneration and properties are determined by the magnitude
stables exist on the cathode surface for such long timesf the average discharge current.
(~0.19. It is knowrf that the effect of an ion flux on a metal
Under the experimental conditions the most probablesurface depends on the relationship between the ion current
reason for the appearance of initiating electrons in the disdensity and the flux of residual gas particles adsorbed on the
charge gap may be post-discharge electron emission from treathode surface. Under ordinary conditions, a regime of pre-
cathode. The characteristic drop in the current with time fordominant sputtering and cleaning of the cathode is achieved
post-discharge emission can explain the behavior of thenly at rather high ion current densities of 0.1-1 mAfcm
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When chemically active impurities are present in the volumdow levels indicates that there is little contamination of the
and the ion current density is low, a dynamic equilibrium cathode, which, nevertheless, has a significant effect on the
may develop between the adsorption and sputtering prgproperties of the pulsed discharge. It should be noted that the
cesses such that a layer with a modified chemical compospresence of a cathode surface layer with a variable compo-
tion and structure may exist on the cathode surface for a longition and structure does not cause significant contamination
time. Direct measurements of the composition of the cathodef the beam of gas ions.

surface in a dc glow discharge have shdwimat the reduc-

tion in the discharge current with time coincides with a low-

ering of the impurity content on the cathode surface, wheréONCLUSION

the thickness of the contaminating oxygen- and carbon- The state of the cathode surface in a glow discharge

e o s et Mperec vacuum condiions cepends on he average
. A - Pdischarge current and has a significant effect on the ignition
ties of 10°'%-10"'® A/lcm? have been observed in g 9 g

) . . ; . ) and burning parameters of a pulsed discharge. At low aver-
exper]me_nt%o after_ all kinds of cleaning, 'T‘C'“_d'”g various ge discharge currents thin insulating films form on the cath-
combma_\tlons.of high tgmperature annealing in vacuum an de surface and they cause a significant reductions in the
processing with glow discharge glect-rons_ discharge delay time and the discharge burning voltage. As

The presence of nonconducting films on the cathode SUlhe average current is raised, the influence of the films is

fac_e' makes it possible to explain boih the features of theeduced. The relaxation time for the discharge parameters is
ignition process and the dependence of the discharge voltagﬂefeW minutes when the average current is varied

in the quasistationary phase of the discharge on the param- A technique based on using a cathode with a large work-
eters of the repetitive-pulsed mode. The drop in the formag, g rface area and varying the pulse repetition rate over

tion time t with rising pulse repetition ratéand the corre- iqe jimits has made it possible to study the dynamics of the

sponding rise in the post-discharge emission current 0CCUfayiation in the post-discharge emission with high time reso-
because whet>1/», many-electron ignition takes place. If | 1oy and to observe a sharp rise in the after emission cur-

tfe current in the gap rises in an avalanche, iI€t)  ont gensity when the time interval following quenching of
=1(0)exg —t(u—1)/7), where 7 is the time of flight of an  no gischarge is reduced. A high post-discharge emission
ion and is the current gain in the gap, then a several-foldy, et gensity from the large cathode surface at elevated

drop in the formation time means that the initial curd@) ¢, rent pulse repetition rates ensures many-electron initiation
has mcrea_lsed by roughly the same_order of magnitude. Thug ye discharge, one consequence of which is a reduction in
the experimentally observed drop irmeans that the after- . discharge formation time.

emission current density rises by 4-5 orders of magnitude The high degree of influence of thin films on the emis-

. B - . 3
while the time interval is reduced from 18to 10°° s. sion properties of the cathode of a glow discharge observed

The dynamics of the post-emission process has beef) iase experiments makes it necessary to take the existence
studied by measuring the discharge delay times under var shese films into account in experiments with pulsed glow

ous conditions and after various kinds of processirigover discharges in devices operating under commercial vacuum
times ranging from a few seconds to tens of hours. All thes%onditions.

data indicate a rise in the rate of change of the post-discharge

emission current as the time from discharge cutoff is re-

duced. The high repetition rates used_ln our exper_|ments alyy v Gavrilov, G. A. Mesyats, S. P. Nikuliat al, J. Vac. Sci. Technol.
lowed us to make measurements with a short time delay a 14, 1050(1996.

(103 s) relative to the time the discharge is quenched and to?N. V. Gavrilov, M. A. Zav'yalov, S. P. Nikuliet al, Pis'ma zh. Tekh.

obtain a high rate of change of the post-discharge electronFiz 1921, 57(1993 [Tech. Phys. Lett19(11), 689 (1993]. .
.. = N. V. Gavrilov and S. P. Nikulin, irProceedings of the XVI International
emission current for <10 < s.
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A dynamic model for plasma opening switches is proposed. The basis of the model is the
appearance and development of force instabiliff#sch and sausa@én a spatially nonuniform

plasma accelerated by a magnetic field as a driver piston. The proposed model does not

require the invocation of subtle effects in the pinch collapse phase and makes it possible, without
going beyond the framework of magnetohydrodynamics, to explain the principal operating
features of plasma opening switches and to obtain quantitative estimates consistent with
experiment. ©1999 American Institute of Physids$1063-784£99)00505-X]

INTRODUCTION at the inner and outer electrodes. Estimates of the character-

istic parameters are given here for an inner electrode radius
~2 cm.

The major studies of plasma opening switches have been

Plasma opening switches are one of the most powerf
generators of electrical pulses. Further increases in their

power, matching them to loads, extending their range of aPgone for maximum currents of 1010 A with a discharge

plications, controlling their operation, etc., require the Cre-y if period of 2<10"7—1.5x 1076 s and a current rate of
ation of a model that describes their operation in a satisfac-. :

. > “ise of 10°-10" A/s. Th ratin ri f the plasm
tory manner. One often cited modehased on the formation se of 10°-10% Als e operating period of the plasma

. o . uns is generally much longer than the time for the inductive
of double layers and a carrier deficit, does not describe thgtorage unit to build up with the current. Despite the large

main operating characteristics of plasma opening switches ! . -
and has been sho#f to be unsatisfactory. Other mod&18 fumber of papers on plasma opening switches, the injected

: . ... plasma(mainly of carbom has not been studied adequately.
can explain only particular aspects of the phenomenon, with=, "~ . I 4.3
. . . he input particle densitiesare most often 18— 10 cm
out providing a complete picture of the processes in a plasm

opening switch. They do not take the plasma dynamics anmaetf:d is?:d ti;nmnggg?/o?i?gfrslthpe\ Esrr:glei gfnzlggzefs“'
the mutual effect of the storage device and load on th 9 Y b

plasma into account %o an optimum density- 10'2 cm™2 at which a plasma open-

In this paper a dynamic model for plasma openingingl switch still pperates. - . F
switches is proposed based on the appearance and develocpn;l /The velocity of the injected plasma is-5x1

1,9,10 .
ment of force instabilitiegpinch and sausagén a spatially S: If we assume that the plasma expands into a

nonuniform plasma accelerated by a magnetic field. Whe%acuum, then a good approximation for the sound speed in

the plasma in the pinches and sausages collapses, high vo e absence of a magnetic field will be™10m/s, which

age pulses are generated which switch the current from th\é'elds an estimate offp~5x 10" K for the temperature.

storage device of the plasma opening switch into the load. Here we assume the electron and 'on temperatures are equal.
In Ref. 7 the calculated temperature lies withit F#<8 eV.

It is natural to assume that the injected plasma expands along
the electrodes, as well. Then, by the time the inductive stor-
age device is being fed by the current, its characteristic axial
As arule, a plasma opening switch consists of a segmersize will beR~V7y~10 cm, wherer, is the delay between
of coaxial line, one end of which is attached to an energyhe time of plasma injection and the onset of filling. In some
source or transmission line while the other is connected to designs for plasma opening switches the expansion along the
load. The load is usually a vacuumdiode and a capacitoelectrodes is limited by the design.
bank with a capacitanc€ is used as an energy source. For the chosen plasma parameters the Debye radius is
Plasma guns are positioned azimuthally in the outer elec=10 *-10"2 cm, which is substantially smaller than any
trode of the coaxial line and these inject plasma radially to-dimensions of the plasma, so it can be regarded as quasineu-
ward the central electrode. The inductance of the source artgal. The electron mean freepath0.1-10 cm and may be on
transmission line up to the plasma gun forms the inductivehe order of the largest dimension of the plasma. The elec-
storage systerh, of the plasma opening switch. The relative tron Larmor radius for a current rate of rise10' A/s is
gap between the outer electro@BameterD) and the inner much shorter than the mean free path and any dimensions of
diameterd, given by O —d)/2d, lies between 0.5 and 10 or the plasma~10 s after the current feed is turned on. This
more for various designs. This leads to a difference of arime is much shorter than the characteristic current rise
order of magnitude or more between the magnetic pressurgsnes.

ESTIMATES OF CHARACTERISTIC PARAMETERS
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These estimates show that the possibility of a magnetoplasma, to nonuniformities in the velocities gained by it, and
dynamic description of the plasma motion must be examinetlb a complicated geometry of the plasma surface. The picture
in detail for each specific case. As for the motion perpencan be made worse by the order of magnitude difference
dicular to the magnetic field, because of the smallness of theetween the magnetic pressures at the central and outer elec-
Larmor radius, we shall assume that this approximation igrodes. Between the plasma guns, where the plasma density
satisfied! In the following, essentially only this kind of mo- is lower, “tongues” of magnetic field are formed in the axial
tion is considered. direction. After passing the planes of the plasma guns, the

We shall assume that the plasma is fully ionized and its‘tongues” of magnetic field that did not penetrate into the
electrical conductivity is=10"-T3?~10"s ! (Ref. 11.  plasma begin to expand owing to the density nonuniformity
During the current rise time of I0—10 © s, the magnetic and gradient acceleration and the lines of force can close and
field penetrates the motionless plasma to a depth@B—1  pinches can form>*°1t is well known'’ that a plane layer is
cm as a result of the skin effect, a distance much smaller thannstable to pinches and sausages, even in the case of a ho-
the size of the plasma along the storage device. Thus, wamogeneous plasma. Pinch formation can be facilitated by the
shall assume that the magnetic field has not penetrated thensparency of the plasma, as well. A transparent plasma is
plasma. subject to the overheating instability, which develops into

The magnetic pressui®?/8x is comparable to the gas pinches!’ In other words, we have all the conditions for the
kinetic pressure (kT,~10? dyn/cm) for a rate of current appearance and development of force instabilities and, in
rise of 1% A/s over a time~10"° s, which is at least two particular, pinches and sausages.
orders of magnitude shorter than the current buildup time in  In the proposed dynamic model we assume that the
the storage system. Over a time of the same order of magnplasma in the plasma opening switch is subject to pinching.
tude, a shock wave develops and moves through the unpewe believe that the plasma is accelerated by the magnetic
turbed, current-free plasma. Thus, we shall assume that tHeeld along the storage unit and is compressed in pinches,
current is distributed over a thin layer of compressed plasmavith respect to which it is unstable. It is evident that this
and for purposes of estimates and a qualitative discussiomssumption requires more detailed examination and justifica-
we use a “snowplow” model. The propagation of the mag-tion. However, assuming that pinches and sausages appear
netic field along the plasma opening switch will be deter-and develop makes it possible to explain qualitatively the
mined by the plasma motion and not by diffusion. main operational features of plasma opening switches and

The characteristic velocity according to a snowplowobtain some quantitative estimates of the characteristic pa-
model with a sinusoidal current rise and a uniform distribu-rameters that are consistent with experiment.
tion of the densityp up to the time it reaches its maximum The generation of charged particle beams may serve as
will be?? U=2x10"214/(p*d), wherel , is the current am-  an indirect confirmation of the appearance of pinches and
plitude in kA. For the Gambll systen® with =102 sausages in the plasmas of plasma opening swit€hgsese
cm 3, this formula gived) ~2x 10° cm/s, or several orders beams were observed in the first investigationZ-ginches
of magnitude greater than the spin velocity, which eliminatesn controlled thermonuclear fusion reseaféfhe localiza-
an apparent contradiction between the experimentally medion of the high electric fields observed experimentally in
sured propagation velocity of the magnetic fiéltmeasured plasma opening switch plasnfsnay be a consequence of
at ~5x10° cm/9 and that calculated from its diffusion. the development of sausages and a confirmation of their pos-

With these plasma parameters the mean free path faible appearance.
photons of all types is much greater than the plasma size, so The collapse of the plasma in pinches leads to a rise in
we shall assume it to be transparent. the induction of the conducting plasma channels. High volt-
age pulses, which switch the current from the storage system
of the plasma opening switch to the load, develop across the
increasing inductance. The expansion of the plasma begins to

The boundary of a uniform plasma accelerated by a unislow down and the pinches begin to be compressed when the
form magnetic field parallel to it, is unstable. The acceleracondition
tion dynamics is such thgt it initiate_s the appearance and B2/87=p+ pV2 (1)
development of the Rayleigh—Taylor instability.

In a plasma opening switch the plasma injected by thds satisfied, wheré is the magnetic induction at the pinch
discrete plasma guns is spatially inhomogeneous. The distrBoundary andp, p, andV are the pressure, density, and ex-
bution of the plasma density along the storage unit has begpansion velocity of the plasma.
noted* Because it is reflected from the inner electrode and  Expressing the induction in terms of the curréntwe
because of the spreading geometry, the plasma will be inhgbtain
mogeneous along the direction of injection, as well. It is 12
natural to assume that it is also inhomogeneous along the I=Ra2m(p+pV))™ @
azimuth, and this has been confirmed in direct measurementghereR is the characteristic scale length of the plasma non-
of the electron density. uniformity when a pinch develops amds the speed of light.

The inhomogeneity of the plasma density and the differ-  Equations(1) and (2) are basic to a quantitative expla-
ence in the directions of its spread velocities lead to nonunination of the mechanism for operation of plasma opening
form acceleration of the front of the shock compressedswitches. Equatior2) implies that the proposed model is

QUALITATIVE MODEL OF SWITCHING
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indifferent to the direction of the flowing current and, there- gering, the plasma opening switch operates in a short-circuit
fore, to the polarity of the electrodes. It has been ndtétht  regime.

plasma opening switches operate with arbitrary combinations In the proposed model an increase in the delay time
of the electrode polarities and plasma injection. The polarityeads to a simultaneous increaseRrthe characteristic scale
effec may be caused by an asymmetry in the motion of thdength of the inhomogeneity, and in the plasma density. The
compressed plasma front owing to the large difference in thécrease inR is caused by expansion of the injected plasma
magnetic pressures at the inner and outer electrodes, by t&@d the increase in density, by continuous injection of
plasma gun current flowing through the plasma, and by conPlasma opening switch plasma and its reflection from the
tinued injection of plasma into a region occupied by the€lectrodes. Equatiof?) implies that this requires a rise in the
magnetic field. The model of Ref. 1 allows a plasma openingutoff current. When the delay time is increased furttier,
switch to operate only with a single electrode polarity, where?nd n reach the values corresponding to a cutoff current
the outer coaxial electrode is the anode and the inner, th@'€ater tharl,, operation ceases, and a short-circuit regime

cathode, while the plasma is injected from the outer eleclS realized. . .
trode. Operation can begin again after the passage of along

Equation(2) explains the existence of the critical current (~100 us) delay time, as observed experiment&fiyThe
I*, known as the cutoff current. The cutoff current and itscontinuously injected gun plasma fills a large volume and

dependence on various factors have been studied by mallycomes stable with respect to currents greater than
authors. Equatiori2) implies that for a small numbef of the other hand, it continually recombines and decays. The

plasma guns such that the plasmas from the individual gun@1OSt re_1p|_d decay occurs at the_edge O.f Fhe _plasma. In the
do not overlap in a large part of the space between the eleg_enter it is replaced for a long time by injection. After the

trodes,|* =K. A dependence of this sort has been observe lasma gun stops operating, recombination and decay reduce

: 2 he volume occupied by the plasma. The characteristic scale
experimentally’? For a large number of plasma guns, the.length and density again begin to satisfy E8) and the

plzsmadflows c_)tvirlap, so the mhortncl)agljen(laltymo_f thzglgsmm lasma opening switch starts to operate.
reduced and it becomes more stablé. In this casein- The recombination and decay of the plasma require a

creases and, therefore, the time before the onset of switchingertain time. This time may be determined by the experimen-
or the plasma opening switch ceases to operate, enteringtg”y observed time shift between the operation of the

short-circuit regimé. o _ plasma opening switch and the passing of the plasma gun
According to the model of Ref. 1, the critical current is ¢, rrent through zero in the course of its periodic variation.
determined by the ion velocity and the area covered byrypicaly, after the plasma gun current passes through zero
plasma on the central electrode but is independent of thgye cutoff current initially falls off and then again increases
number of plasma guns. Equati® implies that the cutoff  5g operation ceases until the gun current passes again
currentl * «n'” In many papers in the course of studying thehrough zero. The plasma opening switch operates right after
dependence of the cutoff current on the plasma density it hage plasma gun current passes through zero, viend n
been noted that it increases with rising plasma density andre essentially minimal. This picture is confirmed in an es-
when the plasma opening switch operates longer. A comparpecially convincing manner by experiments with an aperi-
son with experimental data is difficult because of the narrowydic gun current. Thus, the proposed dynamic model for a
range of the studies and of the unreliability of some of thempjasma opening switch provides a qualitative explanation for
Usually the energy source for driving the plasma openthe surprising dependence of the cutoff current on the plasma
ing switch is a capacitor bank which charges the inductancgun current waveforrf.
of the storage system. For more complete utilization of the  The expansion of the plasma and its compression in
stored energy the operating conditions are chosen so that thgnches can begin with an increasing current rigacCom-
critical currentl™ is essentially equal to the maximum cur- pression leads to a drop in the characteristic scale leRgth
rently=~Vo(C/Lo)Y2 in the “hard” circuit, whereV, is the  the inhomogeneity which ensures further compression, even
initial voltage on the capacitor. In this cagg=n2 Many  for currentsl <l,, i.e., in the falling portion of the current.
researchers have noted that raising the plasma density aboVais experimentally observed fadinds a natural explana-
the optimum leads to cessation of operation of the plasméon in the proposed model and cannot be explained at all in
opening switch it operates in a short-circuit regime. In fact, terms of the earlier modél.
increasing the particle density by an order of magnitude re-  Naturally, the question of the stability of compression in
quires a threefold increase in the current amplitude and aparallel pinches arises in the proposed model. Assuming that
increase in the stored energy by an order of magnitude. Ithe initial inductance of the pinches is small, it is easy to
practical cases, this is impossible, since it requires an ordeshow in the electrostatic approximation that two parallel
of magnitude increase in the capacitance or three times thginches operate stably.
initial voltage.
Many author§?® have shown in studies of the depen-
dence of the cutoff current on the delay between the time tthTIMATE OF THE SWITCHING TIME AND VOLTAGE
plasma is injected and the beginning of the feed to the in- Because of the inhomogeneity of the plasma, the cylin-
ductive storage system that, besides the increase in the deldyical geometry, reflection of the plasma from the electrodes,
time, there is an increase in the cutoff current, and on trigand the acceleration of the plasma along the storage system
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by the nonuniform magnetic field, E(R) cannot be satisfied In terms of an energy approach, assuming that the en-
simultaneously over the entire length of an inhomogeneityergy in the storage system initially goes into the energy of
this leads to the development of a noncylindrizapinch  the magnetic field in the inductance and into the kinetic en-
which ends in sausagé$As noted above, the localization of ergy of the motion of the entire plasma, we obtair-4
high electric fields observed experimentally in plasma openx 10® cm/s, while the acceleration dynamics for the entire
ing switch plasm&$ can be a result of the development of plasma as a whole implieg~3x 10° cm/s. The snowplow
sausages and serve as confirmation of their appearance. model gives a maximum velocity f~3.5x 16® cm/s. For
Collapse of the plasma in pinches increases the inducsuch a velocity the electric field strength at the central elec-

tance of the conducting plasma channels. High voltaggrode is~3x10° V/icm, while the voltagd_i0~2>< 106 V.
pulses develop across the increasing inductances and thege the best shot§ the maximum voltage measured by
switch the current from the plasma opening switch storag@clear techniques is 3:810° V. The agreement between
system to the load. It has been shéwthat for instability  these voltages and the experimental measurements is not by
rise times much shorter than the current rise time, the voltchance. The acceleration of the plasma in these designs is a

ages that are generated can be much higher than the initigbnsequence of the development of force instabilities that
capacitor voltage and are determined mainly by the rate ofause a rise in the inductance.

increase of the inductance of the pinch. In fact, under these
assumptions we can regard the magnetic field as constant
over the time the plasma opening switch operates and for GONCLUSION

small pinch inductance we obtain The dynamical model for plasma opening switches

based on the appearance and development of force instabili-

ties proposed here provides a natural explanation of the ex-

. . . . istence of a critical currentthe cutoff current and of its

which yields U_: _.L(_)I =Llo. Accordmg -to dependence on the particle density, the number of plasma

magnetohydrodynam|8§, L increases without bound in a gyns; the delay between the time plasma is injected and the

sausage and, along with, the voltage that is generated.  time the storage system is filled, and the current waveform. It
The snowplow model, which provides a satisfactory de-also explains the operation of plasma opening switches when

scription of the initial phase of Z-pinch and gives the right the polarity of the electrodes is changed, their triggering on a

order of magnitude for the compression tifié yields falling current, the speed of penetration of the magnetic field

r=mcp"?R/1, for the characteristic compression time and,along the storage system, and the generation of charged par-

therefore, the switching time. Whenmis changed from 18 ticles. The proposed model can be used to obtain an estimate

to 10 cm™2 and the currents from 2o 1¢° A, this ex-  of the operating time and the magnitude of the voltage that is

pression yields a value of 16—10 7 s for 7. These switch- generated.

ing times are in satisfactory agreement with experiniént. The author hopes that this dynamic model for plasma
The characteristic magnitude of the voltage when theopening switches holds true and notes that in the form pre-

instability develops is given By Uo=V, T/4m7, whereTis  sented here it is still too rough and requires detailed devel-

the period of the discharge in the “hard” circuit. For opment.

7~10"® s this expression gives the characteristic magnitude  The author thanks the Russian Fund for Fundamental
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Based on a theoretical method of dimensional and similarity analysis and on published
experimental data on the dynamics of corona discharges in strong electrolytes, dimensionless
numbers are found which make manifest the approximate similarity of electrophysical

and hydro/gasdynamic phenomena. A physical experiment is carried out, and generalized time
dependences are obtained for the current, voltage across the interelectrode gap, and

plasma radius in terms of these similarity numbers. 1899 American Institute of Physics.
[S1063-784299)00605-4

A pulsed corona in watéf is a developed system of under certain conditions, they have hydrodynamic instabili-
leaders with a clustered spatial orientation. This orientatiories of rather high intensity comparable, at least, to the per-
develops in discharge gaps with nonuniform and highly nonturbations generated by underwater spark discharges. This
uniform fields and is characterized by the fact that none okind of hydrodynamic behavior is intrinsic to corona dis-
the leaders growing into the depth of the gap reaches theharges in strong electrolytes, which typically have a con-
opposite electrode. This is the significant difference betweetinuous plasmoid whose shape can be controlled, so that a
a pulsed corona and a “linear” underwater spark discharge.pressure distribution with a given configuration can be cre-

In the case of a discharge that is not completed by breakated in the liquid. In this paper we shall discuss just this sort
down of the interelectrode gap, the entire discharge currerdf discharge.
flows through the boundary between the leader system Although some first attempts have been made to develop
plasma and the liquid medium. Because of the comparativelgn electrodynamic model of corona discharges in strong
small plasma—medium contact surface area and the high relectrolyteé® and interpret them hydrodynamicafiygnd al-
sistance of the liquid layer between the clustered system dhough individual aspects of the phenomenon have been
leaders and the counterelectrode, the discharge current is exodeled somewhat satisfactorily, there is still not enough
tremely low, so there is little heating of the plasma in thefactual material in this area to create a correct mathematical
leaders. Since the conductivity of the plasma is clearlyand physical model of the phenomenon. Thus, for system-
higher than that of the medium, a substantial fraction of theatizing the available experimental data and comparing them,
energy is released in the surrounding liquid, rather than irgiven the differences in the experimental conditions, it

the corona itself. seemed appropriate to generalize them on the basis of a the-
When the external conditions are changed, especially theretical method of dimensional and similarity analysis.
specific electrical conductivity, of the medium, the num- The basis for seeking the structure of dimensionless

ber of leaders increases, their diameter at the base becommsmbers is a set of dimensional physical quantities which
larger, and, for certain electrically conducting media anddetermine the desired dynamical characteristics of the dis-
field strengths;?they cover the entire exposed surface of thecharge with sufficient accuracy. In order to establish a set of
electrode and are converted into a continuous plasma formalimensional parameters, it is necessary to assess the initial
tion (plasmoid. When threshold values of the conductivity knowledge about the phenomenon under study. This task
of the medium are reached, the leaders merge with one amvas performed by making a careful analysis of the experi-
other from the very beginning of the discharge and the plasmental papers** containing the most systematic experimen-
moid fully reproduces the shape of the electrode tip. As aal data on corona discharges having a continuous plasmoid.
result, the energy of Joule heating is released in four regions: In studies of electrophysical phenomena, the dependent
the plasmoid, the plasma-liquid transition layer, the volumevariables are the curremt=i(t,{3;}) and voltageU = U(t,
of the conducting liquid, and equivalent active elements of B,}) within the volume and the hydrodynamic variables are
the discharge circuit. The experimental data accumulated ufne radius of the plasmoid and bubbée=a(t,{B.}). the
to nowt?*on the phenomenology of this effect show that thepressure®®,= P,(t,{8p}) in them, and the pressures in the
characteristics of corona discharges depend significantly oprimary and secondary compression wakesP(t,r,{3,}).
the external controllable parameters of the discharge circuiffhe independent variablésr, and{3;} in the arguments are
the conducting medium, and the electrode geometry. the time, spatial coordinate, and a $et .} of dimensional

The close attention given to corona discharges in recerdnd dimensionless parameters important for the development
years is related to the experimentally establishec?fdwtt,  of one or another aspect of the phenomenon.
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On analyzing the systematic experimental studies availdepending on the relationship between the characteristic im-
able today on corona discharges in strong electrofytés, pedance of the circuit and the load resistance, which includes
one can state that their electrophysical characteristics aithe total resistance of the plasmoiR,, and electrolyte
most strongly affected by the electrical conductivity of thelayer, R., averaged over the discharge time, d@rd For
liquid electrolyte. For the initial field strengtiS,=Uy/rq  R,+Re+R=2L/C the discharge will be aperiodic; other-
=10P-10° V/m that have been studied, the threshold con-wise, it will be oscillatory. Here the role of the initial con-
ductivity o, at which the discharge changes from a branch-ductivity of the electrolyte, which was mentioned above in
ing corona into a continuous plasmoid lies within the intervalconnection with the oscillatory character of the discharge,
0o=1.6—3.3 S/m. The value af, is determined by the field reduces to a change in the resistafije Because of the
strengthE, and decreases as the latter is rai5€@h passing above mentioned features, and also because these circuit el-
througho, the voltage curvedl(t) change from those typi- ementsC, L, R,) must be formed during the discharge, they
cal of an underwater spdtko bell-shaped curves, close in will be included in the system of parameters controlling this
shape to that of the current, and their maxinig,; phenomenon.
~(0.6-0.9, lie below the chargdJ, on the capacitor Since one of the elements of the object under study is a
bank. On passing through,~6 S/m, the discharge changes plasmoid, by analogy with underwater spérkee shall use
from aperiodic to oscillatory. Asry increases, the ampli- the spark constanf as a characteristic of the discharge
tudes of the current and power increase, while the duration gblasma.A is the coefficient of proportionality between the
the first half wave of the currertoltage decreases. Thus, pressure and electrical conductivity of the plasma, and the
for 3.3=0¢=<20 S/m, the power amplituddl,; over the effective adiabatic indew of the plasma. The initial density
interval 0.4<N,, /(U2\/L/C)=<1 is very much greater than p, of an electrolyte based on,®+NaCl varies as the con-
for an underwater spafkThe qualitative variation in the centration of the solution is increased up to saturation at
electrophysical characteristics wity, is analogous to that 20%. From a hydrodynamic standpoint, this is a rather sig-
described above for the conductivity, and their reaction tanificant factor, so the parametgg must be included among
changes in the electrolyte temperatufg is completely the system of control parameters in a study of the hydro/
equivalent to their reaction to a corresponding change imasdynamic phenomena.
oo(Tp). The electrophysical characteristics are insensitive to  Here we shall only consider those discharge regimes in
the hydrostatic pressuf&, of the medium, at least within the which a continuous plasmoid is formed. In accordance with
range from 0.1 to 30 MP4. Refs. 1 and 2, this places a lower bound on the conductivity

The hydro/gasdynamic characteristics of corona disof the electrolyte. Then, at least féi,<10° V/m,? the time
charges have some distinctive features compared to the elet ignite a corona and the amount of electrical energy ex-
trophysical characteristics. In particular, they do not reacpended in this stage are incomparably smaller than the char-
accordingly to the corresponding changes in the electricahcteristic discharge timgL/C and the energy stored in the
conductivity and temperature of the medium. For examplecapacitor bank, respectively. The ignition time is observed to
the amplitude of the secondary compression wave increase&crease significantly with risindg,. Therefore, the un-
as oq increases but decreases with increasing On the  known dependent parameters of the corona discharge will
other hand, the amplitude of the primary wave, although inot be sensitive to the factors controlling the discharge igni-
also increases with rising temperature, has an extremum ition phase. As a result, we can include the capacitor bank
the region of op~8-12 S/m’" depending ono,. After  charging voltage and the radius of the positive electrode rod
09>1 S/m, the maximum radius,,,, Of the vapor—gas cav- in the system of control parameters in place of the initially
ity and the period, of its first pulsation essentially do not unknown ignition voltage and the initial radius of the plas-
react to changes iwy (although a noticeable dependence moid, respectively.
t1(op) has been observed at elevated hydrostatic pressures, During a corona discharge the electrolyte is heated at a
at least forP,=30 MPa,* while the depend very strongly on constant external pressure, and a temperature distribution de-
To, even foroo(Ty)>1 S/m. The amplitude of the first wave velops within it owing to resistive dissipation within the vol-
is affected significantly by the radiug, of the tip of the ume. When the effects of molecular heat conduction are
positive electrode and the lengttof the interelectrode gap small? the density of the internal heat sources is proportional
(when | is shon,* which increaseP,,; as they become to the rate of change of the temperature with a coefficient of
smaller. The hydro/gasdynamic parameters are found to hay@oportionalityc,, , which represents the specific heat at con-
a significant dependence on the hydrostatic pressure of theant pressure. Therefore, the parametigishould also be
medium, becoming quite substantial for the cavity paramincluded in the system of control parameters.
eters. There are, as yet, no experimental data on the pressure To summarize, we can distinguish the independent
in the plasmoid and, as far as its kinetics are concerned, wghysical quantitiesrg, Ug, C, L, rg, |, pg, To, A, Pg, Ry,
can only say that as increases, the radius of the plasmoid c,, t, r, and y which determine the evolution of a corona
decrease as the energy release comes to af end. discharge in strong electrolytes and, in accordance with the

It should also be noted that there are, as yet, no systenbulk of the original experimental data and physical consid-
atic data on the effect of such circuit parameters as the carations, adequately characterize the electrophysical and
pacitanceC, inductance., and equivalent short-circuit resis- hydro/gasdynamic phenomena within it. Therefore, with 14
tanceR, of the discharge circuit on the discharge dynamicsindependent dimensional variables and the 5 primary dimen-
The capacitance and inductance affect the discharge reginsions (kg, m, s, A, and K, according to ther theoremof
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dimensional analysis we shall have 9 independent dimermensional and similarity analysis. Approximate expressions
sionless numbers. If we choose the quantitigs C, L, T, for the functionsF; in explicit form must be sought by gen-
andrg as the variables with independent dimensions, thereralizing the experimental data. Usually this is done by rep-
the independent dimensionless numbers can be written exesenting the functions; in the form of power law functions

plicitly as follows: of their arguments and fitting the exponents to experimental
data. Although this approach does ensure fairly good accu-
A2 - e
Ha=Arg/(UgyLC), ;= 0oroVL/C, racy within the range of variation of the parameters in the
Ir=R, [CIL, M.=c TOLC/ré, experiments, the resulting formulas essentially do not work
P beyond these limits. Here it should also be noted that the
I1,=porg/(LC?UG), Tlp =Porg/(CUp), possibility of modeling phenomena when more than two in-

dependent dimensionless numbers are involi@dept for
I=l/rg, H,=rlrg, I=t/JLC, M,=y. (1) the dimensionless coordinates and tineextremely prob-
For the dependent variablésU, P, anda of interest to  lematical. Thus, itis more appropriate to begin with physical
us, four additional dependent dimensionless numbers can g@nsiderations and isolate the main dimensionless number

written: (or several of themand then to show, by generalizing the
_ experimental data, that major changes in the secondary di-
I;=iyL/C/Ug, TIy=U/Uy, mensionless numbers do not change the picture of the pro-
Mp=Prd/(CU3), M,=alr,. (2) C©&ss

Thus, for discharges in media with a single chemical
The numbedl,, which corresponds qualitatively to the constituent,IT,, drops out of the set of dimensionless num-
well known channel numbefI, for an underwater spatk bers, as it is derived only from the physical properties of the
and characterizes the complex action of the electrical paranmedium and is constantl, has an effect on the discharge
eters of the discharge circuit and plasmoid on the medium, islynamics only wherll;<1, so that for corona discharges
not entirely convenient, for example, in analyzing thewith a continuous plasmoid, for whidi,>1 (Ref. 2, it can
current—voltage—time characteristics over the entire disbe neglected. The dimensionless numblsg and 11, are
charge interval. The following combination of the numbersmuch smaller than unity, so we shall neglect them as well,
IT5 andII, is more convenient for these purposes: sincell,, andII, are of the order of unity. As result, in-
M, = HA«HU=Aaorg/(CU§), 3) stegd of the'dimensionless functiof@, we can write down
their approximate analogs
which is the ratio of the initial integrated energy density in ,
the volume to the electrical energy density of the source. I1i="¥;(Il I, ),
Because of the low enzergay _dgnsmes in _the plasma and elec- My="V (I, A, IT1),
trolyte compared t&C Uy/r g, it is appropriate to replace the

numberllp (andIlp ) by a combination of the numbelbp, M, =W (11 1, I1)),
I1,, andII,: , ,
, A . , Mp=Wp(Il, 11, A, 1, ,T1,),
Hp=1Ilp-(I,-IL5) " "=P/(Aco), Ilp =Po/(Ago). (4)
HaZZ\I}aZ(HthAail_[CiHPO)' (7)

It is more appropriate to rewrite the dimensionless num-

berII, in the form It is easy to see that the structure of the generalized
k . . functions for the electrophysical characteristics and radius of
I, =1II,"=(0ooro)~ /VL/C, (5)  the plasmoid have been greatly simplified and they can now

and then the dimensionless numbgrs and Il will repre- D€ Subjected to a generalized experimental test. To do this
sent the ratios of the resistances of the layer of electrolyt¥/€ have done an experiment with ranges for the dimensional
(for ro<<l) and the circuit to the impedance, respectively. Physical quantities Up=15-47 kV, C=0.5-12 uF,
Therefore, given Eqg3)-(5), the above statement of the L=2.4-3.8 uH, o=3-22 ’S/m, and0=0.5—5 mm such
problem will correspond to generalized solutions in the formthat the number$l,, andIl, remained constant. Ten dis-

of the dimensionless functions charges were produced for each set of fixed values of these
, quantities, and the discharge curreift), voltage U(t)
Hi=Fi(I a1 Hg, 06 I, across the discharge gap, plasmoid radi@g, and ampli-
_ / tudeP,,; of the primary compression wave were recorded in
My=Fy(II, 04, ,IT) TIg, 00,11 mi ) :
u=Fullnlag o g e, IT), each. The data were then normalized to the corresponding
Hal: Fal(Ht 1HA(r1H(,r!HR!HC 'H,y), ScaIeS.Mz Uo\ C/L, UM= Uo, ay=ro, PM=A0'0, andtM

= /LC. The measurement technique described in Ref. 2 was
Mp=Fp(Il;, g, M aq Ie, 1T, IT;IT, L), used, along with the experimental data obtained there.
o= Fap(IT; Tap T 1T, TTp [ TT). ©6) Figure 1 shows dimensionless plots of the current and
voltage as functions of time for fixed similarity numbers
Herell,,; corresponds tdl, for the plasmoid andl,, cor-  (ITo,=2.510°® and I1,=29.4) (the vertical bars on the
responds to that for the cavity. Obtaining dimensionless deeurves denote the 90% confidence interudlsis easy to see
pendences of the fornB) exhausts the possibilities of di- that the numbell (Fig. 1b is uniquely determined by the
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FIG. 3. Normalized plots of the radius of a continuous plasmoid as a func-
tion of time and the dimensionless numigr

teristics are subject to a scaling effect. Since the distinguish-
ing feature of these two classes of electrophysical effects is a
difference in the characteristic timéfor the first series of
curvesty<4.2 us, and for the secondy>4.2 us), it is
possible that the current scaling efféas observed befdte
for underwater spark discharges related to some threshold
time beyond which the approximate similarity breaks down.
FIG. 1. Generalized time variations in the curréa and voltage(b) for ~ Further generalization of the experimental data was carried
5=0.35. out only for characteristic timetg;<4.2 us.
The extremely wide range of the dimensionless number

. ] o I1,,=10 -1 makes it an inconvenient parameter, at least
two numberdl,, andIl;, while IT; (Fig. 13 splits into two  ¢o classifying the discharge regimes. Thus, insteadlgf,
regions: in the firsfcurvel) there are seven current regimes \ye nave constructed a combination of the numbiggs and

with a maximum Ofil; ;.= 0.38 and in the secorf@urve2), 11’ that is more convenient in terms of its numerical range,
three regimes witHTI;,,,=0.08. Therefore, in terms of the

0.4

0.2

0

approximate similarity considered here, the current charac- 8=0.111,/(47°I1A,)]*%, (8)
which is qualitatively similar to the dimensionless nuniber
m, for underwater spark discharges. For I@ithe discharge is

oscillatory, and agg— 1 it becomes aperiodi@-ig. 2). The
number B is more important thardl, in its effect on the
generalized time variations in the current, voltage, and plas-
moid (Figs. 2 and R

The normalized distribution of the maximum pressure in
the primary compression wavep (I1,) for fixed 8=0.35
is illustrated by Table Kn is the number of the discharge
regime and@=idem).

In the first approximation this distribution has an acous-
tic dependence.

Given that the resistance of the electrolyte layer will
prevail overR, and R, we conclude thafl will be the
second principal dimensionless number of approximate simi-
larity of the electrophysical and kinematic characteristics of a
corona discharge in strong electrolytes. However, as we have
done forll,,, it is better to use the construct

03

TABLE I.

I1, 1'[Pml n

33 15.2 2

50 11.8 3
FIG. 2. Normalized plots of the curref@ and voltage(b) as functions of 100 5.1 1

time and of the dimensionless number
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Periodic injector with a porous pellet mold for introducing fuel into plasmas
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A ten-barrel pneumatic injector for periodic introduction of fuel pellets into steady-state
thermonuclear experiments has been developed. Solid hydrogen pellets with diameters of 2.7 mm
and lengths of 3 to 4 mm are formed in each barrel at a rate of 0.1-0.2 Hz with periodic

pulsed heating of a porous insert, which is continuously filled with hydrogen and cooled with
liquid helium, and accelerated to 1-1.2 km/s. 1®99 American Institute of Physics.
[S1063-784299)00705-9

INTRODUCTION the front flange of the cryogenic ves&linside of which lie

m@e porous pellet molds and barrélswhich are protected by

Thermonuclear reactors must be equipped with syste . .
for delivering fuel in order to operate in a steady state. Be hﬁa(; tShIter:deTt?n Iom;—?sat]:corldftljctmg. \;ﬁlva aretatI h
sides gas puffing, it has been proposed that pellets of soli ched 1o the botiom of the front Tange, these control the
ow of vapor from the liquid helium through the heat ex-

hydrogen isotopes be introduced into a reactor, as they pen-

etrate deeper into the plasma and have a positive effect on it%mnges on the ten porous molds. Four vacuum-tight feed

parameters.Here the key problem is to develop a reliable roughs for the leads fro:n t?e vesc,jsel f%r t?e heﬂaters a_Pr?
injector capable of delivering fuel pellets deep into the plas_temperature sensors are aiso located on the front flange. The

main an uninterrupted periodic sequence at a rate of 1_1@ate valves are made up of two identical aluminum housings

Hz. Three methods have already been proposed for the COWith five in a row. The gate consists of a steel plate with an
tinuous formation and periodic injection of pellets. In the aperture, 4 mm in diameter, for the pellets to pass 'Fhrough,
first, pellets are created by extrusion: either by alternatin%Omloressed between two Teflon gaskets. The plate is moved

operation of 2—3 piston extrudetdusing an extruder with a PY €lectromagnets and in 3-5 ms it hermetically closes off
“gas piston,™ or using a screw extrudérin the second (opens the barrel volume from the diagnostic chamidéx

method, fuel gas is continuously frozen at the rim of a rotat-The latter is hermetically joined to the two housings of the

ing disk and the resulting ice is cut to form pelléts there- gate valve and has two pairs of windows for monitoring the

cently proposed, third method, pellets are produced by mellight of the pellets by a photodetector illuminated by a laser
ing a small volume of initially frozen fuel which then beam and for video recording t.hem |n.fl|ght under the light
penetrates into a barrel through a porous material and is frd2f a nanosecond spgrk. The d!ggnostlc chamber can .be ro-
zen ther€. Pellet injection at a rate of about 0.05 Hz has tated and atftached in any pos_ltlon. Its flange, which is lo-
been demonstrated with a single barrel injector using thi€at€d opposite to the barrels, is made of polymethyl meth-
technology and increased to 0.1 Hz by shooting in series Jacrylate. A beam of Ilght_ could be directed thro_ugh it into the
3-5 pellets eachThe multibarrel injector described in this PaTel SO it was easy, with the valve for the driver gas off to

paper was created in order to raise the injection rate abovg.\‘e S||de, to observe the formation of a pellet directly in the
0.1 Hz. arrel.

The fuel gas is fed through the valvesnto each porous
mold from a collector4 equipped with a manometer. The
driver gas enters from a tank with a regulator directly into

The injector consists of ten single-stage light-gas gunshe ten pulsed electromagnetic pilot valves with an internal
with a pellet mold, a diagnostic chamber equipped with avolume of 6 cni and an opening/closing time of about 1 ms.
helium—neon laser and photodetector for recording the tranfhe cryogenic and diagnostic chambers are equipped with
sit time of the pellets, a vacuum system, an electronic powevacuum probes and are pumped by turbomolecular and
supply rack including a logic controller. When the injector is roughing pumps, respectively.
attached to a thermonuclear machine, a differential pumping The major element of the injector design which deter-
system with guide tube for passage of the pellets and a mimines the injection rate is the pellet mold. Figure 2 is a
crowave device for measuring their mass is mounted besketch of one of the porous molds. It is made from a block of
tween the two. Figure 1 is a sketch of the injector designhigh conductivity copperl into which a series of copper
The light-gas guns are located in two rows of five. Each gurgrids with cell sizes smaller than 0.07 mm have been im-
is equipped with a pulsed vah&for introducing the driver pressed. Apertures equal to the inner diameter of a barrel
gas into the barrel, a vaigfor introducing the fuel gas into have been cut through the grids along one axis. A b&rel
its independent porous moldand a gate valv8. The valves and pipe6 are soldered to the opposite sides of the resulting
for the driver and fuel gases are mounted in the upper part gforous insert2 for delivery of the driver gas. A heat ex-

DESIGN AND OPERATING PRINCIPLE OF THE INJECTOR

1063-7842/99/44(5)/5/$15.00 511 © 1999 American Institute of Physics
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FIG. 1. A sketch of a multibarrel injector with a porous mold for fuel pellets.

changer channd has been cut in the lower part of the mold EXPERIMENTAL RESULTS
and in the upper part a hole has been cut to join the porous
insert to a pipe for the fuel gas feed. A temperature pbe The purpose of the first stage of the experiments was to
is fastened to the middle portion of the mold and a manganinletermine the minimum time for pellet formation. In this
wire with a resistance of 20 was wound around the upper connection, tests were made with different mold designs, but
portion as a heates. with firing from a single barrel. Here we present the results
During operation of the injector, vapor from liquid he- of some experiments with hydrogen pellets, since no signifi-
lium constantly circulates through the heat exchanger andant differences in the duration of these processes were ob-
cools the porous insert. During a shot, the driver gas flowserved in experiments with deuterium.
along a barrel, pushes a pellétout of it, and heats the Two modes of pellet formation were realized during
porous insert with the fuel frozen in it. The fuglydrogen these tests. In the first, solid hydrogen was melted in the
isotopes with triple points ranging from 14 to 20.6 elts  pores of the mold and the liquid droplet was frozen in the
in the pores and penetrates into the barrel. There it freezes tsarrel. In the second, solid hydrogen was heated in the pores
form a new pellet. The driver gas pushes it out of the barreto temperatures below the meltit@bout 13 K and the plas-
during a regular shot and the cycle is repeated. tic hydrogen was extruded through the pores into the barrel
and then cooled. The sequences of working pulses generated
by the logic controller during the pellet injection cycles for
these two modes are shown in Fig. 3. In both modes the
injection cycle began with a pulse which opened the driver
gas valve. 10 ms after the valve was opened for 0.4—0.8 ms,
the 10-watt heater was turned on and delivered 4—8 J of heat
to the mold. In the extrusion mode, hydrogen at a tempera-
ture of 13 K in the pipe above the mold moved, under a gas
pressure of 3 MPa, into the barrel in the form of thin plastic
filaments over a time of less than 0.5 s. This process was
recorded by the video camera. Right after that, for 3—4 s the
solid hydrogen was cooled in the barrel and the pellet formed
was again fired by a pulse of gas from the valFay. 39. In
this mode, the gate valve and hydrogen feed valve were al-
ways open. The process of forming and injecting the pellets
is extremely simple and was performed by the driver gas
feed valve and the heater. In the hydrogen melting mode
(Fig. 3b), after the gas flowed out the barrel, the gate valve
was closed for 80 ms. Solid hydrogen was melted in the
pores and the liquid flowed into the barrel under the gas
pressure of 0.1 MPa in the pipe above the mold. Part of the
hydrogen boiled away and the vapor pressure within the bar-
FIG. 2. Sketch of a porous pellet mold. rel and the surface tension force kept the droplet of hydrogen
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FIG. 4. The temperature of the mold as a function of time during the extru-

l 8s % 0.05 5V sion (a) and melting(b) modes:1 — pellet firing and heating of the mold,
4 o ms, 2 — solidification of hydrogen3 — cooling of the mold and hydrogen
pellet.

FIG. 3. Diagrams of the pulse sequence during forming and injection of
pellets in the extrusioria) and melting(b) modes:1 — driver gas valve . . . . .
open,2 — gate valve closed3 heater on4 — gate valve open. from the inflection of the curve in Flg 4b and is related to a

phase transition of the liquid hydrogen into the solid. Ulti-

mately, in this mode the minimum time for cooling the mold
from spreading out along the walls. Over the 1-2 s afteito a temperaturefd K after a shot was 8 s. In both modes
melting of the hydrogen and the filling of the barrel with the helium was fed through the heat exchanger of the mold at a
liquid, the hydrogen froze in the pores and no longer pen+ate of about 12 liters/hour.
etrated into the barrel. The porous structure served simulta- The pellets photographed during their flight had different
neously as a thermal valve and liquid hydrogen dispenseforms: transparent if they were molded in the melting mode
Then, over 6—8 s the hydrogen froze in the barrel and théFig. 53 and nontransparent if they were molded in the ex-
gate valve was opened. 0.5 s after this a regular shot wasusion mode(Fig. 5b. Since both types of pellets were ac-
fired. The driver gas and the gas formed by impact and vaeelerated to 1-1.2 km/s by a gas at a pressure of up to 6 MPa
porization of the pellet on the flange of the diagnostic chamwithout fracture and knocked small pieces out of the diag-
ber were pumped out and the cycle was repeated. nostic chamber flange upon impact, we may assume that they

The temperature probe signals shown in Fig. 4 permittedvere sufficiently durable to pass through a differential pump-

an evaluation of the stability of pellet formation and theing system to a plasma without significant mass loss. A final
video record made it possible to estimate the pellet qualityconfirmation of this will, however, will be provided by a
dimensions, and velocity, as well as the reliability of injec- suitable experiment.
tion. It is evident from Fig. 4 that the time to heat the mold More than a thousand pellets were formed and acceler-
in both modes was a fraction of a second, while the time taated in the injector over a number of series with small time
cool it and freeze the pellets in the barrel was different. Inintervals between series. The main results are shown in Table
the extrusion mode the time to cool the mold to the initiall. The injection reliability was calculated as the ratio of un-
temperature 08 K was 5s during steady, periodic injection broken pellets to the total number of pellets in a series. The
and this could be reduced 8 s when the pellets were fired velocities of the particles in a series were estimated from the
in short series of 3-5 pellets each. When pellets were firegosition of a pellet with respect to a ruler located in the
with a separationfo3 s in longer series, the temperature of frame and from the time delay between the flash and the time
the mold rose, as shown in Fig. 4a, and the pellets broke uthe pellet passed by the laser beam at the detector. The ve-
during acceleration. In the hydrogen melting mode, a delayocities varied between 1 and 1.2 km/s for acceleration by
of 3-5 s near the melting temperatuf@bout 14 K was helium at a pressure of 6 MPa. Their diameter was 2.1-2.4
established for cooling of the mold. This can be seen clearlynm and their length varied between 3 and 4 mm. The reduc-
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FIG. 5. Pellets formed in the extrusida) and melting(b) modes and accelerated to 1.2 km/s.

tion in the pellet diameter compared to the inner diameter ofnjector, which makes it more attractive for tritium operation

the barrel(2.7 mm is explained by friction and sublimation than extrusion injectors which contain hundreds of pellets. In
from the side surface as the pellet moves in the barrel and iaddition, there are no moving parts in the injector except the
in good agreement with experiments on other injeCtarsl  valves, so it is more reliable and more easily repaired and

with model calculations. can be regarded as an engineering device for steady-state
thermonuclear reactors. After a mathematical model of the
pellet formation is developed, the experiments will be con-
CONCLUSION

tinued with the aim of raising the injection rate to 0.5—-1 Hz
The first stage of testing a ten-barrel injector for steadyfrom a single barrel. Then it is planned to inject pellets from
state, periodic injection of pellets of thermonuclear fuel hasall 10 barrels in order to obtain a maximum firing rate.
been completed. The porous pellet mold has made it possible The author thanks S. SudNIFS, Japahfor support and
to inject solid hydrogen pellets at arate of 0.1-0.2 Hz from auseful discussions, as well as B. V. Kuteev, A. P. Umov,
single barrel. At any time there are only a few pellets in theS. V. Skoblikov, P. Yu. Koblents, and A. N. Shlyakhtenko

TABLE I. Series of hydrogen pellets injected from a single barrel for different cycle parameters.

Injection cycle Number of Hydrogen pressure Driver gas Average Reliability of
period, s, pellets in series in mold, MPa pressure, MPa  velocity, m/s injection, %
5 12 3 6 1100 92
6 17 3 6 1200 76
6 25 3 6 1000 88
7 22 3 6 1000 84
5-7 76 3 6 1060 85
8 15 0.1 6 1200 67
9 26 0.1 7 1200 62
9 55 0.1 6 1100 60
8-9 84 0.1 6 1100 62
10 22 0.1 5 700 64
11 26 0.1 6 1000 73
8—-12 80 0.1 6 950 64
9-10 138 0.1 6 1050 60
9-14 211 0.1 6 1000 58
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A model that takes into account the discrete character of a multiconductor superconducting
medium is used to study the characteristic features of transition processes which occur when a
region of normal conductivity appears. This analysis is based on numerical simulations of

the propagation of a normal zone inside a superconducting region consisting of rectilinear
superconductors, with a model for the kinetics of the irreversible loss of the
superconducting properties of a single-ply, large radius winding. The thermophysical aspects of
the irreversible propagation of a thermal perturbation within the transverse cross section

of a multiconductor superconducting medium are analyzed. The major features of the phenomena
taking place during the loss of superconductivity by a discrete region are formulated as

functions of the conditions for heat transfer between its elements, the character of the perturbation,
the magnitude of the flowing current, and the conditions for stabilization. The influence of
longitudinal heat conduction on the magnitude of the transverse propagation velocity of a normal
zone is examined. €1999 American Institute of PhysidS1063-78429)00805-3

INTRODUCTION for the propagation of a normal zone in regions with multiple
winding structures are thereby ignored.

Keeping a superconducting magnetic system working af-
ter a section with normal ponductivity deyelops within it.an-d STATEMENT OF THE PROBLEM
the subsequent propagation of this section along the winding
is one of the major specifications for superconducting mag- We shall consider the propagation of a normal zone
netic systems and their protective circuits. Protective meaWithin a cooled superconducting medium with a discrete
sures acquire a special importance for the construction oftructure consisting of rgctilinear superconduct_ing compos-
superconducting magnetic systems with a high level oft€S (@ superconductor in a normally conducting majrix
stored energy, which if released, can destroy the magnetﬁ(‘,’h":h is initiated by a poyverfpl external thgrmal perturba-
system. Thus, considerable attention continues to be paid fipn source. In order to_ simplify the analysis, we shall_as-_
studies of the transition processes taking place in supercori- "¢ that the current in each element of the composite is

ducting magnetic systems after a section with normal Cong;onstant, while their thermal and electrical properties are in-
ductivity (a normal zonpappears in them dependent of the temperature and magnetic field. For this

. i reason we shall neglect the temperature variation in the
Many theoretical results on transition processes have, t?

. . ansverse cross section of each wire. We set the coordinate
one degree or another, been obtained on the basis of mode[

S . i
) . . ._origin in the center of the segment with the initial tempera-
of a continuous medium. In this case, the superconductin g g b

i : : ded SotroDi i flre perturbation and describe the symmetric propagation of
magnetc system 1S regarded as an anisotropic CONtNUU ¢ \yithin adjoining composite superconductors, separated

with averaged characteristics. As a result of this approximafrom one another by a finite thermal resistance, by a system

tion, the spatial-temporal development of a transition pro equations of the form

cess within the winding can be described by a model of an
expanding ellipsoiti® with its major axis directed along the aT,  dTE

hp
axis of the wire. The following relationship holds between CW_)‘Q_ E(TK_TO)"" §p(Tk)
the velocities in the transverdg, and longitudinaV, direc-

tions with which the dimensions of this region increagg: 'i T,-T,) k=1

=V,VAy /Ny, wheren, and\, are the thermal conductivities SR( vk

in the corresponding directions. In this moaddl,is found by =)

solving the corresponding one dimensional problem of the — _ ) ﬁ(ZTk—Tk,l—TkH), k=2,N—-1, 1)
transition of a single superconducting composite wire to a

normal stat€. This approximation, however, does not pro- i T T k=N

vide a complete description of the features of the transition SR 1),

processes in a superconducting magnetic systems including \
its discretenes’® The characteristic mechanisms responsiblewith the initial and boundary conditions

1063-7842/99/44(5)/10/$15.00 516 © 1999 American Institute of Physics
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T, 0<x<x,, k=k;, i=1,2, ..., w(0;-0,), k=1,
T(x,00=9 To, Xosx<1, k=k;, - 0(20,=0,_1-0y,1), k=2,N-1,

To, 0=x=1, k#k, o(ON—0y_1), k=N

.y 0;, 0<X<X,, k=ki,

= (0D=0, T(1H)=T,. 2 0,(X,00={ 0, XosXsL, k=kj,

i

0, 0OsX=<L, k#k
Herek=1, ... N is the number of a wire in the composite; 90,
C is the specific heat per unit volume of thih elementj is
its longitudinal thermal conductivityh is the heat transfer 2
coefficient; p is the cooled perimeterS is the transverse Here
cross sectional are®, is the contact perimeter between two

(0,n7=0, O, L,7)=0.

neighboring wiresR is the thermal contact resistandeis L 01,

the transport current in each wir€; is the temperature of Oy—1+i _i<0.,<1
the cooled mediumT; is the initial temperature of the ther- M0y = i ’ Tk
mal perturbation, with size,; and, p(T;) is the effective 0, 0,<1-i,

resistivity of the superconducting composite including the
existence of a region where the current is split up amon

. . . %nd « and  are dimensionless parameters accounting for
segments in the superconducting and normal states iktthe e @ b 9

heat transfer into the cooling agent and the thermal coupling

a2
wire 2 among the wires, respectively.
a (the stabilization parameteis calculated using the
P(Ti)=po(Ti) standard expressiof a=1%py/hpYTcg—To), While the
1, Te>Tes, dimensionless thermal resistaneeis calculated in2 conven-
tional dimensionless form as=P§Tcg— To)/(Rlzpg). In
Tk=Tc Te<T<Tcs. particular, foro=0 this system of equations takes a form that
X< Teg—Tc' describes the change in the thermal state of a single super-

conducting compositg.

This simplified description of the transition of a super-
conducting magnetic system to a normal state allows us,
wherep, is the resistivity of the matrix, antk and T are W'th'.n. th? generally accepted term§ of the thep ry of thermal

stabilization, to carry out a generalized analysis of the major

the critical parameters of the superconductor. . .
: . : : features of the thermal processes which take place during
This system of equations describes the collective process

; : : . o oss of the superconducting properties of a current carryin
by which a thermal perturbation with a given initial tempera- P g prop . ying
L . element of a superconducting magnetic system. Below we
ture and extent propagates within a multiconductor compos-

) . : X discuss the results of some numerical simulations which re-
ite and causes the formation of a local region with normal

conductivity within thek;th element of the composite. The flect the qualitative behavior of the transition of a supercon-

thermal interaction of the wires with one another is describeéjuc'“ng discrete composite to a normal state. In doing these

. . .calculations, in order to reduce edge effects owing to speci-
by a model which assumes a linear steady temperature d'?}}ing a boundary condition of the first kind at=L, the
tribution within the intercontact region, which is true for a '

thin insulating spacet A finite difference method was used extent of the computational region was taken tol be500.

for determining the instantaneous temperature of all the eleAs the calculations show, this corresponds to an essentially

. . infinite longitudinal extent of the computational region.
ments of the composite and the corresponding propagatiaon,. T i
. . . ithout loss of generality, in most cases it was assumed that
velocity of the segments with a normal conductivitidere

we considered only those perturbations which necessaril? the initial time a normal zone appears in the first wire

|
0, Tk<TC:TCB_(TCB_TO)E7

) . o ki=1) owing to powerful local heating at a dimensionless
cause an irreversible transition of the superconductor to -
i . evel of ©;=10.
normal statgso-called supercritical perturbatiéis

. For_Lc;rmulatmg :he be;sm phyS'Tal behaytlgr dtl#mg the L O RMATION OF A KERNEL WITH NORMAL CONDUCTIVITY
irreversible propagation of a normal zone within this com- -2 2 T M WITH A

posite, we reduce the overall number of initial parametersyscreTE STRUCTURE

using the dimensionless variables=x/Ly, i=1/lc, 7 ) . ] o )
=\t/(CL2), and O,=(T—To)/(Tcg—To), Where L, Figure 1 illustrates the propagation within a multicon-
—[ASA(Teg—To)/12p0]M2 Then Egs.(1) and (2) take the ductor composite of a heat releasing region whose boundary
form is described by an equatid(Xy ,,7)=1 corresponding to
the phase interface between the superconducting and nonsu-
20, 526 perconducting states. The initial parameters were specified to
k k

+i%r(®,)— %®k be a=100,i=0.5, w=0.1, andXy=10. Figure 2 shows plots

ar  gx? of the instantaneous velocitiesX, ,/d7 of the isotherms
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a wires, and the number of wires. In the second stage, the
5 velocities of the normal zones in each wire successively sta-
bilize and reach constant values equal to the corresponding
3 p 5 6 7 P 9 velocity of a normal zone_in a single composite. This corre-

- sponds to so-called quasistationary states, when the thermal
instability propagates along a composite superconductor in
the form of a characteristic thermal wa¥2Here the ap-
proach to a stationary value in each element of the composite
is asymptotic. This state is reached primarily in the wire
where the perturbation was initiated. The propagation of the
thermal perturbation in the other wires is not only more non-
stationary in character, but may take place at higher veloci-
ties than in an analogous single wire. Entirely trivially, this
happens because a new normally conducting segment devel-
ops in wires with an elevated background temperature. Thus,
in the first wire the velocity of the normal zone approaches

._
VoW A L v o=

—_—

0 L 1 L I ! . . . .
0 40 20 120 160 200 its asymptonc_ value from below_. At the same time, in the
X other wires this process has a different type of convergence,
N both from below and from above. In terms of the model of an
60 | b expanding ellipsoid, this description of the kinetics of the

normal zone cannot hold, since the velocity of any point on
an ellipse lying in an upper “layer”’of it is always higher
than the velocity in a lower “layer.”

It should also be noted that the increase in the size of a
resistive region in a superconducting medium with a discrete
structure has a number of other features. First of all, the
boundary of the region in a normal state has the shape of a
truncated ellipse. This is because of the finite transition time
for each wire to a normal state. Obviously, the worse the
thermal coupling between the windings is, the more cut-off
the shape of the resistive region will be. Second, the distinc-
tive feature of the transition to a stationary velocity of the
normal zone is the local transition of all the wires to a nor-
mal state. Thus, at first there is a gradual flattening of the

* boundary separating the superconducting and nonsupercon-
30 100 150 200 ducting regions, which then transforms into a straight line.
X And finally, we note the most important limitation on the
FIG. 1. Penetration of a normal zone inside a superconducting discret¥alidity of the continuous medium model. As the calcula-
cqmposite_ with different numbers of wires following local development of tjons shown in Figs. 3 and 4\(=20) show, at currents close
Eg')s égr(‘j)"”lgc')e(rgf”ltsgu(g?g'gol(};\f ;518 ((53),’ g&o%,"a}éo%)dig)fz)' 30 {0 the so-called stationary stabilization curréintthe termi-
nology used here it equals=(y1+8a—1)/2a) in a super-
conducting medium with a discrete structure, it turns out that
O (Xkn,7)=1 with which it moves along wire numbde  states are possible for which an irreversible transition of the
=1, where the normal zone was initiated. Calculations werentire composite to a normal state does not take place. For
done forw=0.2 for two characteristic values of the stability the casen=100,i=0.5, ©=0.1, andXy=10, Fig. 3 shows
parameter corresponding to “poora=100) and ‘“good” instantaneous propagation velocities of the isotherm
(a=2) heating for different values of the current and total ® (X, ,,7)=1 at which it moves along the wires for cur-
number of wires. For the cage=100, Fig. 2 also shows the rents ranging from=0.14 to 0.2 that only slightly exceeded
propagation velocity of theisother@ (X, ,,7)=1 along el-  the stationary stabilization current,&0.1356). Here also
ements of a composite with=51. the dashed curves show the corresponding velocities of the

These results demonstrate clearly the features of thesotherm®,(X,,7)=1 for a single composite and the inset
transition process and the formation of a normally conductio Fig. 3 illustrates the kinetics of the penetration of the
ing kernel inside a superconducting medium with a discretsiormal zone in a transverse cross section perpendicular to
structure. First of all, one can see that there are two charat¢he main propagation direction of the normal zone. It is quite
teristic regimes for the propagation of a normal zone along &lear that fori=0.18 the above features of an irreversible
multiconductor composite. In the initial stage of the forma-transition of the entire superconducting composite to a nor-
tion of a resistive region, the velocity of the normal zone ismal state are fully valid. At the same time, for currents
essentially nonstationary. Its duration depends on the cooling<0.18 situations may occur in which a limited number of
conditions, current load, the thermal coupling among thewires inside a composite enter the normal state. Thus, for

0 .
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FIG. 2. Kinetics of a normal zone over
the elements of a composit&=1, N
=1(),2(2),3(3),5(4), 105), 51(6);
N=51, k=2 (7), 3(8), 10(9), 20(10).
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these parameters, wheér-0.17 a resistive region exists in within the transverse cross section of a superconducting dis-
the steady state only in three wires, andifer0.16 and 0.15, crete medium fora=100. The calculations were done for

in two. When the current is reduced further, quasistationaryiifferent currents, temperatures, and sizes of the initial per-
states may not develop. The existence of such states meafigbation, heat transfer conditions among the elements of the
that the propagation velocity of the normal zone inside aomposite, and numbers of elements. The boundary of the

discrete composite is lower than the corresponding veloCityyeat release region was determined by solving the equation
in a single composite, and this difference becomes greater g3, (x, ., 7)=1. Then, from the conditio® (0,74,) =1 itis

the current_is lowered. easy to find the time for the normal zone to appear inktihe
The existence of these states also depends on the chafze These temporal states are indicated in Figs. 5-7 by

acter of the thermal coupling among the elements of the, s that are joined together. This makes it possible to
composite. Figure 4 shows curves illustrating the kinetics of

a normal zone for a composite with different valuesaofit approximate the discrete process of forming new, normally
) S0 conducting segments with the corresponding continuous
is clear that fore=100 and = 0.5, w only affects the time of g seg P 9

the transition process. However, fa=2 andi=0.8 (i
=0.7808), the conditions for the development and propag

equations.

a. The curves in Fig. 5 describe the kinetics of the transi-

tion of a normal zone inside a discrete superconducting met—Ion process in composites with different numbers of ele-

dium may undergo a change. Thus, ©#0.01, only one
wire goes into a normal state, fap=0.1, two, and for
»=0.2, the entire composite as a whole.

PROPAGATION OF A THERMAL PERTURBATION IN A
TRANSVERSE CROSS SECTION OF A MULTICONDUCTOR
SUPERCONDUCTING COMPOSITE

ments for three dimensionless currents wk=50 and
0=0.1. The temperature of the initial perturbation for
=0.4 and 0.8 was specified to I =10, while fori=0.3

the transition process was calculated for several values of
;. Figure 6 shows plots dfi(7) when the size of the initial
perturbed segment is varied for0.3, N=10 and 20, and
®;=10. These results clearly demonstrate the possible

Figures 5—7 show numerical simulations of the developfanges of variation in the initial parameters for which the
ment and propagation of segments with normal conductivitysuperconducting properties of the entire composite are lost
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FIG. 3. Time dependence of the
propagation velocity of a normal
zone in wire numbek=1 near the
stationary  stabilization  current:
i=0.2(1), 0.18(2), 0.17(3), 0.16(4),
0.15(5), 0.14(6).
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irreversibly, and within which the major features of this pro- are periods of time when the growth in the perpendicular
cess will take place. In particular, it should be noted that thalimensions of the resistive region proceeds at unsteady ve-
evolution of the transition process in the transverse croskcities. These occur in the initial and final stages of the time
section of the composite ceases to depend on the size of tlvariationN(7). As a rule, they are quite brief. But they last
normal zone in the longitudinal direction, if that dimension longer for lower current and power, and for smaller sizes of
exceeds 5@dimensionless uniisat the initial time. Here the the external perturbation, and when the conditions for heat
power of the external perturbation essentially has no effectransfer among the elements of the composite are poorer. In
on the kinetics of the transition process. In addition, excepthe intermediate range of times for the transition process, the
for edge effects associated with specifying a finite number ofrelocity at which the dimensions of the resistive region in-
wires in the composite, it is desirable that their total numbercrease is constant, at a value which does not depend on the
be at least 10. Thus, the numerical simulations presentecharacter of the initial perturbatioimore precisely, because
below have been done fdt=20, X,=50, and®;=10. of the computational model used here, it approaches this
Figure 7 shows plots oN(7) for composites with dif- value asymptotically Thus, in this case we can speak of the
ferent thermal coupling parameters among the wires as theevelopment of several quasistationary states, for which the
current flowing in them is varied over a wide range. Theconditions of existence will depend only on the intrinsic
dashed curve shows calculations for the corresponding caggoperties of the elements of the composite.
of the simultaneous appearance of a localized segment with Second, the end result of the penetration of a normal
normal conductivity in several wires. zone into a multiconductor medium turns out to depend on
By comparing these calculations, it is easy to establisiihe conditions for dissipation of the Joule heating. Thus, the
the basic behavior which controls the characteristic featuresurves in Fig. 5 correspond to states where all the supercon-
of the irreversible propagation of a thermal perturbation inducting region must go into a normal state owing to the
the transverse cross section of a superconducting multiconnteraction of the perturbation in only the first element. On
ductor medium. the other hand, Fig. 7 shows that when the instability is
First, during the formation of the phase boundary theranitiated in a single wire at low currentén a more rigorous
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a=100, i=0.5, X, =10

FIG. 4. Time variation in the propa-
3 4 gation velocity of a normal zone in
wire numberk=1 for different heat
transfer conditions among the wires;

%/__/ ©=0 (1), 0.01(2), 0.1(3), 0.2(4).

a=2,i=08, X, =40
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formulation, near the stationary stabilization curret ir- can be approximated with good accuracy by solving the
reversible propagation of the thermal perturbation over thgroblem of the transition to a normal state by a multiconduc-
entire cross section of the composite may not occur. Thugpr composite with a finite number of elements.
for the given parameters, states of this sort occur ifor In Fig. 8 the solid curves represent the calculated trans-
<0.16 (s=0.1356). In this case, complete loss of the superverse propagation velocity of the normal zone as a function
conducting properties of the composite can take place wheaf current. The calculation was done for two characteristic
several wires undergo a simultaneous transition to a normalalues of the stability parametes=2 for effective thermal
state. The dashed curve in Fig. 7 shows the correspondingabilization (e.g., when intense cooling is preserand
calculations fori =0.15 when a normal zone develops at thea=100 for a low degree of thermal stabilizatiée.g., when
initial time in five (curve5) or fifteen (curve 6) wires. It is  the cooling conditions are close to adiabgatithe dimen-
easy to note that for the given initial conditions there is bothsionless parameter for the thermal coupling among the wires
a substantial increase in the time of the unsteady regime, andlas taken to be equal to 0.01 and OQBor =0 the trivial
the possibility that the steady states don'’t exist at all. Thisv,=0 holds) The plotted curves were calculated assuming
must be taken into account in the corresponding experimentshat an instability at the initial time appears only in the first
The results discussed above allow us to formulate a forwire. Also shown here for clarity, as the dashed curves, are
mal rule for determining the transverse propagation velocitythe corresponding variations in the longitudinal propagation
of a thermal perturbation in a superconducting medium withvelocity of a normal zone in a single composite, when the
a discrete structure. In terms of the dimensionless units afreversible loss of its superconducting properties takes place
this paper, it is given by, =1/(7q «— 7qk-1)- Hererq and  against the background of a thermal wave moving at a con-
7q.k—1 are the times for a transition to a normal state of thestant velocity. Formally, this corresponds to the case0.
kth and k—1)-st elements of the structure. The steady-state  Figure 8 implies that a deterioration in the thermal cou-
value must be determined after the initial nonstationary pepling among the wires not only lowers the transverse propa-
riod has passed. As the curves in Figs. 5—7 show, this valugation velocity of a normal zone, but also reduces the range
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FIG. 5. Effect of the total number of
wires in a superconducting compos-

= ite and of the temperature of the ini-
tial perturbation on the kinetics of
the irreversible loss of superconduc-
tivity in the transverse cross section:
N=10, ®,=10 (— ——A); N=20,
©,=1.0 (-+-), 5 (---*), 1
(———X).

250
T
of currents over which a complete transition of a multicon- J [ Aypo 172
ductor composite to a normal state initiated by an instability Vy:E —Tcs—To ,

in a single wire can take place. This effect is observed to the

greatest extent in wires which are “well” stabilized from the Where)\y is the average of the thermal Conductivity over the
standpoint of thermal stability. Besides this, for these stabitransverse cross section.
lization regimes, the/,(i) curve can be approximated lin- With such a transition it is also possible to account for
early as the current increases over a wide range of its variahe change in the other properties of the composite. But this
tion. It becomes nonlinear in the neighborhood of thedoes not change the relationship among the velocities quali-
stationary stabilization current, near the critical current, andatively, whenV, /V, = const over the entire range of varia-
when o is increased. tion in the current. As a result, this ratio is independent of the
It follows from the above remarks that for a discrete magnitude of the flowing current. At the same time, a direct
superconducting region the formal ratio of the steady stat@umerical simulation yields a nonlinearity in the, (i)
velocity of the normal zone in the transverse cross section teurves, owing, first of all, to the presence of a special range
its velocity in the longitudinal direction is not constant, asof currents for which the conditions for penetration of the
implied by expanding ellipsoid model. In this modethe instability inside a multiconductor composite are not a con-
propagation velocity of the normal zone in a single thin su-sequence of the reason that appears evident at first glance

perconducting composite, and is associated with the trivial heating initiated by the per-
I Ao Y2 turbation in a single wire of the composite. Figure 9 shows
sza(#) the calculated ratio/, /V, for =100 as a function of the
ce™ o

current in the case where a normal zone develops in the first
is taken to be equal to the speed at which the major axis ofvire. It can be seen that as the current rises, the nonlinear
the ellipsoid increaseg] is the current density an@ the  character oV, /V, is fully determined by a corresponding
specific heat per unit volumeAssuming in the simplest case variation in the transverse propagation velocity for the nor-
that in a transition from a discrete medium to a continuummal zone. Thus, at firstat low currenty the increase in

all the parameters except the thermal conductivity are unV¥,/V, has a noticeable tendency to rise and then its variation
changed, it is easy to write down an expression for the veis not so strong. An improvement in the heat transfer be-
locity of the normal zone in the direction of the minor axis of tween the elements of the composite is accompanied by a
the ellipsoid, sharper change in the initial segment of these curves. How-
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FIG. 6. Effect of the size of the ini-
tial perturbation on the penetration of
a normal zone inside a multiconduc-
tor composite:N=10 (———-); N
=20, Xo=2, 5, 50 ~+—), 100
(-0-).
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ever, in this case the range of currents whegéV, has a turbation in composites with thermal conductivities which
sharp rise becomes smaller. Evidently, in the limit>oo, for  differ by two orders of magnitude. It is based on solving Egs.
example, when there are no insulating spacers this range ¢f) and (2) with the term 4?0,/9X? replaced by a more
currents will be absent in the, /V,(i) curves. general expression 9°0,/dX?, whereA is the dimension-
Besides these features which the expanding ellipsoidess thermal conductivity of thkth element. In solving the
model ignores, that model also yields a variation for themodel problem, the stability parameter was setate100
transverse velocity of propagation of the normal region withand the current and the heat transfer conditions among the
the thermal conductivity of a single element of the compositewires were varied. These calculations demonstrate clearly the
in its longitudinal direction. This relationship is evident for a extremely small contribution of longitudinal heat transfer to
continuum, whose physical characteristics are not disconthe kinetics of the penetration of a perturbation in the trans-
tinuous, when a heat flux inside it propagates continuously iverse cross section of a multiconductor composite. In par-
all directions. In the case of a superconducting region withticular, it has essentially no effect on the transverse velocity
discrete physical characteristics, the propagation of a normaif a normal zone if the instability develops near the critical
zone takes place, first of all, in a geometrically specifiedcurrent. At lower currents its contribution become somewhat
direction resulting from the design features of the compositenoticeable if there is poor thermal coupling among the wires.
In this case, because of the rapidity of the propagation of a
normal zone along the wire, the time interval between two
successive times of formation of new normally conductingcqncLusions
segments depends, first of all, on the thermal properties of
the insulating spacer and on the temperature of the wire inits  This study has shown that the irreversible propagation of
hottest portion. Its magnitude is determined mainly by thea normal zone inside a discrete superconducting medium has
Joule heating power and the conditions under which it isa number of features which are not described by the expand-
dissipated in the cooling agent and in the adjacent layersng ellipsoid model. These are based on the following behav-
Thus, longitudinal heat conduction in each of the elements oifor.
the composite should have little effect on the conditions for 1. The resistive region formed as a result of the irrevers-
the appearance and transverse propagation of a normal zoriele to a normal state of the superconducting elements of a
As an illustration of this, Fig. 10 shows the results of a nu-composite consisting of superconductors separated by a finite
merical simulation fora=100 of the propagation of a per- thermal resistance has the shape of a truncated ellipse.
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FIG. 7. Kinetics of the transition
process foro=0.1 near the station-
ary stabilization point:i=0.13 (1),
0.14(2), 0.15(3-6), 0.16(4).
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2. The rate of growth of its principal axithe propaga- composite to a normal state. Then the internal boundary
tion velocity of the normal zone in the longitudinal direction separating the superconducting region from the nonsuper-
is less than the corresponding value of the propagation vezonducting region acquires a flat shape.
locity of a normal zone in a single composite. The latterisan 3. At currents close to the stationary stabilization cur-
asymptotic limit for all velocities at which a normal zone rents, states may occur in which the superconducting prop-
will propagate in each element of the composite. This limit iserties are not lost in all the elements of the composite. As a
attained only after local transition of all the elements of theresult, a limited number of subregions with normal conduc-

ViV
<
N
)

0.1

0.0 ! ! 1 1 )
' 0.0 02 04 0.6 0.8 1.0
i i

FIG. 8. The steady propagation velocities of a normal zone as functions oFIG. 9. The ratio of the transverse and longitudinal velocities of a normal
current: solid curve¥, , dashed curvey, . zone as a function of current.
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N composite. Thus, when a normal zone appears in a single
20 element of a multiconductor medium with insulating spacers
that have relatively high thermal resistances, the whole com-
posite may not undergo a transition to the normal state. This
effect is observed to the greatest extent in “well” stabilized
conductors.

5. The propagation velocity of a normal zone in the
transverse cross section of a multiconductor composite is es-
sentially independent of the longitudinal thermal conductiv-
ity of its elements. It is determined primarily by the thermal
properties of the insulator.
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Microwave breakdown initiated in a high-temperature superconducting film by thermal
disturbances and defects
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The effect of thermal disturbances and nonsuperconducting defects on the microwave breakdown
of a high-temperature superconducting film is investigated theoretically. The dependence of

the critical energy of thermal disturbances on the surface microwave field is obtained. It is shown
that in a wide range of values of the surface microwave field the critical energy of local
disturbances is less than the critical energy of spatially extended disturbances. It is established
that microwave breakdown on defects may be preceded by a stage of formation of a finite-

size normal-phase region localized at the defect. The effect of the form and absorption coefficient
of the defect on scenarios leading to the destruction of superconductivity and on the

microwave breakdown field of a film at a defect are investigated.1999 American Institute of
Physics[S1063-784£99)00905-9

INTRODUCTION each scenario has its own characteristic spatiotemporal pat-
tern of destruction of superconductivity. In the present paper

Microwave breakdowridestruction of superconductivity we examine the interrelation of these scenarios and obtain

by microwave radiationof high-temperature superconduct- breakdown criteria for both cases.

ing (HTSO films is observed at quite high surface micro-

wave fieldsB~10 mT8 corresponding to the incident ra-

diation power densitiesP~10® W-cm 2. The thermal

mechanism of breakdown discussed for Iow-temperaturgR'T'CAL THERMAL DISTURBANCES

superconducto?s®is associated with a sharp increase of the | ot us consider an HTSC film with thicknes on a

absorption coefficient of the film above the critical tempera-yic|ectric substrate of thicknegs>D; . The temperature of
11,12 H H H i . ) . X

ture T, which results |n13the existence of a threshold \he pack of the substrate is stabilizedTgt(Fig. 1). Incident

breakdown power densitl?,,.™ The spatiotemporal pattern microwave radiation with power densify is partially ab-

of the destruction of superconductivity in a fimRtPy is  sorped in the film and the absorption in the substrate is neg-

related with the possibility of unbounded expansion of th‘ﬁigibly small1*12The power densit of the incident radia-

normal-phase region, which occurs by propagation of a temgjop, is related with the surface microwave figddas
perature autowave of S—N switching along the flitn'® A

normal-phase region sufficient for the appearance of a tem-

perature autowave can be initiated in a film by a thermal

disturbanc®&’ with sufficiently high energy, exceeding a

critical value E.. The critical energyE, is a complicated

function of the properties of the HTSC film, the cooling con-

ditions, and the duration and spatial extent of the distur-

bance, and in general it can be found only numerically. It

will be shown below that simple analytic expressions for the

critical energy can be obtained in the limiting cases of local

and spatially extended disturbances. Another scenario lead- D,

ing to the formation of a normal-phase regions is related with

the existence of normahonsuperconductingdefects in an

HTSC film 819 The destruction of superconductivity in this D,

case is due to local overheating of the film above the critical

temperaturel ;. near such defects. In this case the formation

of a finite-size normal-phase regidstable temperature do-

main) localized at a defect can precede microwave break-

down of an HTSC film'? . . . . FIG. 1. Geometry of the problem and diagram of normal-phase nucleation
In summary, there exist two different scenarios leadingy, gefects. Regions of the HTSC film — the regions bounded by solid lines

to the development of microwave breakdown of a film andare defects; the regions bounded by dashed lines are temperature domains.

z T=T,

1063-7842/99/44(5)/7/$15.00 526 © 1999 American Institute of Physics
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B2 C&T_&k&T+&kaT+ak&T
P= 212,32 (1) Sot  oX\ sax) v\ say] " az\"sez)
Let the HTSC film be subjected initially at tinte=0 to Dy<Z<Ds+Ds, (5)
an external thermal disturbance of the energy T=T,, Z=D;+Dq, (6)

* * (Dg whereC; is the specific heat of the substrate.
E:J,deJ’,wJO CiT(X,Y.2,0dZ, 2 Assuming for simplicity that the temperature depen-
dences ofC; andkg can be neglected and taking account of
whereX, Y, andZ are coordinatesFig. 1), C; is the specific  the fact that the film thickness is small compared with the
heat of the film, andr'(X,Y,Z,0) is the initial temperature substrate thicknes<D,), we represent Eqg5) and (6)

distribution in the film. in the form

The destruction of superconductivity by a thermal distur-
bance is of a threshold charact@fThe critical energy cor- 90 3*0 190 50 0 1 7
responds to the minimum enerdy=E, above which the ar $+ bap o2 s h @)
normal phase arising after the action of a heat pulse propa-
gates over the entire film. The critical energy is a compli- 0=0, z=1. 8

ca:edtfu:tcglog_otf tr;e nggal t(i:]nﬂiratulre .ctillstnbuu(trpaualb Here p=(X2+Y2)1/2/DS and z=2/D, are dimensionless
extent of the diSturbanc, so that two liMiting cases can be 45 anq transverse coordinates; tky/C¢D?2 is the dimen-

conveniently distinguished from the entire spectrum of POSyionless time, and=(T—To)/(T.—T,) is the dimension-

sible disturbances: local disturbances and spatially extendq ss temperature. For an HTSC film on a dielectric substrate

(nonloca) disturbances. . s
: . i the typical ratios of the parameters agD;<C.,D4 and
Local thermal disturbancedNe shall consider first the kD <k .D. 21" This makes it possible to neglect the first

destruction of superconductivity by a local pulsed distur- . :
. three terms in Eq(3) and, taking account of Eqél) and(4),
bance(heat pulsg The duration and extent of the heat pulseto represent Eq(3) as a boundary condition for E¢7)

are small compared with the characteristic spatial and tem-
poral scales of the problerfsee below, so that the initial a6
temperature distribution can be described by means of a delta 57
function? For typical ratios of the parameters of the film— . ] ) i
substrate systeieD >kD; (K; andks are the thermal con- HereBy is the threshold breakdown field of a uniform film,
ductivity of the film and substrate, respectivetiie tempera-  détermined by the expression

+2(B/Bp)?n(6—1)=0, z=0. 9

ture of the film is u_nlform over t_he film thlckr_le_éé, and Bb=2Mo[ksUDf(Tc—To)/Ds]1/2- (10)
the heating of the film by the microwave radiation after the _
action of the pulse is described by the equation According to Eq.(1), B, corresponds to the threshold

breakdown power density of a uniform fillR,=Z,B2/2u3
=2keoD¢Zo(T.—To)/Ds.2® For a typical Y-Ba—Cu-O
film (Dy=5x10" m, 0=2x10° Q1. m %, T.=90 K) on
an LaAlO; substrate Ks=20 W-m~1.K™1) of thickness
k(TP E D=5x10"* m, at To,=77 K we obtainB,~2 mT and
o, T D—fﬁ(X)(S(Y)é(t), 0<Z<D¢. ()  p,~4x10* W-cm 2. The initial condition for Eq(7) is

CaT_a aT\ a aT\ ke
ot x|\ x| T av | ®ay] T o,

JT
az

z=D;

Here x(T) is the radiation absorption coefficient of the film, 0(p,2,00= 5 8(p)8(2). (12)

S8(X) is a delta function, the third term on the right-hand side mp

of Eq. (3) describes the removal of heat from the film into | e e= E/E, is the dimensionless energy of the heat pulse
the substrate, and the last term corresponds to the specifig, 4 E,=C.D3(T.—To) is a characteristic “thermal” en-
s™'s Cc

power of the heat puls¥. o _ergy. For a typical Y-Ba—Cu—O film on an LaAjGub-
The temperature dependence of the radiation absorptiogy e C.=10° Jcm 3. K1) of thicknessD =5x 10"

coefficient in the microwave range can be approximated by &, e obtainE,~1.5x 104 J. It follows from Eqs.(7)—(9)

step function®~*"? and (11) that the dimensionless critical energy=E./E;,
k(T)= sk, p(T=To), (4) depends only_on thg dimensionl_ess surface microwave field
B/B,,. Thus dimensional analysis shows that the character-
wherex,=(0D:Zy) ! and o are, respectively, the normal- istic spatial and temporal scales of the problem Breand
state absorption coefficient and conductivity of the fillg, ~C.DZ/ks, respectively, and it makes it possible to obtain the
= (uo/e0)?=377Q is the characteristic impedance of free dependence of the critical enerBy on all parameters except
space,n(x) is the Heaviside step functionp0 for x<0 the surface microwavefield.
and »=1 for x=0). The problem(7)—(9) and(11) cannot be solved analyti-
The temperature distribution in the substrate and theally. But e, can be estimated on the basis of the following
boundary condition on the backside with respect to the filmconsiderations. Let a region of radiRg in the film be trans-
are described by the equations ferred into the normal state immediately after the action of
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0L tionary (96/97=0) unstable solution of Eq7), satisfying
3 the boundary condition@) and(9) andd6/dp=0 atp=0 and
+F p=2.2223 Sych a solution can be found by separation of
10 E variablest® which gives for the formation energy of the
i “minimum propagating zone”
0’k 1
o E o
N F eMPZZZWJ Pdpf Ompz(p,2)dz (13
Lurg 70—1 2 0 0
- E the expression
ka s L
N WOFE *
WE 49 2 M) KoOuea) = (B/Bp) 2. (14)
-3
v Here N =m(2k+1)/2, q=(By/B)(eypz/m)*? and1,(X)
—4f and Ky(x) are modified Bessel functions. The function
0 5 Ewpz(B) calculated from Eq(14) is shown in Fig. 2. Using
the Euler—Maclaurin summation formula we obtain from Eq.
(14) Eypz/En=(73/16)(B/B}) 2 for B>B,,.
FIG. 2. E¢(B) (1 — Eq. (12), @ — numerical calculationand Ey,pz(B) In summary, in a wide range of values of the surface
2. microwave fieldB>B, the critical energy of heat pulses

(EcxB~®) is less than the formation energy of the “mini-

. . ) mum propagating zone Hypz<B~2). This means that heat
the critical pulse. Correspondingly, a hemisphere of the Samﬁulses with a lower critical energy are most “dangerous”

radius is _heated in the s_ut?strate. Then (277/3)A0r9, from the standpoint of destroying superconductivity.
where A6 is the characteristic temperature increase in the

heated region andy,=R,/Dg. The quantityr, can be esti-

mated in order_ of magnit_ude by equating the heat release if};crowAVE BREAKDOWN AT DEEECTS

the normal region of the f|Im~2(B/Bb)27-rr§ to the removal

of heat into the “cold” part of the substrate (A 6/r ) 27r 3. Let us consider an HTSC film with a norm@donsuper-

From this equation, taking for the fildé~1, we obtainr,  conducting defect, whose absorption coefficiert= x4 is

~(B/By) 2. Therefore the energy of a critical disturbance temperature-independent. When the film in the supercon-

destroying superconductivity in the film ig.~(2#/3) ducting state is exposed to microwave radiation, absorption

X (BIBy) . This relation holds if the radius of the heated first occurs only on a defect, as a result of which the tem-

region is small compared with the film thickness,€1).  perature of the defect increases. The region of the film and

Therefore the estimate obtained describes the asymptotic beubstrate adjoining the defect is heated as a result of heat

havior ofe. for B>B,,. diffusion. If the surface microwave field exceeds the thresh-
To check the accuracy and range of applicability of theold value, then the region of the film adjoining the defect is

relatione,(B/B;) ~® obtained above, the destruction of su- transferred into the normal state and becomes a source of

perconductivity was simulated numerically. A Gaussian dis-additional absorption of microwave radiation. Subsequently,

tribution was chosen for the initial temperature profile in thethe normal-phase region arising either propagates over the

film—substrate system. It was established that the numerentire film or a finite-size normal-phase regi@nstable tem-

cally obtained value of the critical energy does not depend perature domainforms near the defect. The temperature dis-

on the half-width of the initial temperature profile, if the tribution in the domain depends on the geometric shape of

locality condition holds(the half-width of the initial tem- the defect and can be found analytically for circular and lin-

perature profile is small compared with the film thickness ear defects.

The functionE.(B) obtained by solving Eq(7) numerically Circular defect.Let us consider first an HTSC film with

with the boundary conditioné8) and(9) is shown in Fig. 2.  a circular defect of radiuBy (Fig. 1). In this case the bound-

It follows from Fig. 2 that the asymptotic estimate obtainedary condition for Eq(7) atz=0 is

above describes accurately the functional dependEp(®) P

for B>B, and can be represented as E+2(B/Bb)2{yn(rd—p)+ n(6—1)n(p—rq)}=0, z=0,

E./E,=4.0B/By) °. (12 (15

Extended thermal disturbance§he superconducting wherery=Ry/D is the dimensionless radius of the defect
state in a film can also be destroyed by exten(@wezhloca) and y=kq/k, is the ratio of the absorption coefficients of
disturbances, whose range of action is comparable in size tihe defect and the film in the normal state, characterizing the
the thickness of the film. The critical energy of such distur-“contrastiness” of the defect.
bances can be estimated as the formation energy of a “mini- The temperature distributioé(p,z) in the domain, sat-
mum propagating zone?®?! playing the role of a critical isfying the stationary Eq(7) (#6/d7=0) with the boundary
nucleus of the normal phase. The temperature distribution ieonditions(8) and(15) andd6/dp=0 atp=0 andp=, can
the “minimum propagating zone’#= 6ypz(p,z) is a sta- be found by separation of variables. For domain rad®is
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FIG. 3. Circular defect. The domain radius versus the surface microwav

field: y=5 (solid curve$, 0.5 (dashed curvgsR,/Dg: 1,4 — 0.25; 2,5—
0.1;3,6 — 0.05. InsetR(B) for y=1.2.R4/D4: 1— 0.25,2 — 0.05,3 —
0.01.

determined from the conditiod(r,0)=1 (r=R/Dg is the
dimensionless radius of the domyime obtain the relation

(RIDg) 2, A M1(MR/Dg)Ko(A(R/Dg)
k=0

©

+(Ra/D3)(y=1) 2 N 11(MRa/Do)

X Ko(AR/Dg) = (B,/2B)2. (16)

We note that a dependence similar to Etp) was ob-
tained in Ref. 19. The dependenRéB) is presented in Fig.
3 for various values oR, for the caseg>1 (solid lineg and
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Maclaurin formula, forR;<<D the sum in Eq(17) can be
replaced by a corresponding integral. In this approximation
we have forB,

1

1/2
Bt/BbZE } , Rd<DS' (18)

[')’Rd/Ds

For Ry= D the first term in the sum in Eq17) is suf-
ficient to obtain an asymptotic expression . Then we
obtain for B,

-1/2

7€) ., Ry=D..

— A, 12
Be/By=v 73R, /D
S

1- (19

Here &3) is the Riemann zeta function. It follows from Eq.
(19) that for y>1 the threshold field, for domain formation
can be both greater and less than the threshold breakdown

field B, of a uniform film.

For B> B, the radiusR of the temperature domain aris-
ing on a defect increases with the surface microwave field
(curvesl-3in Fig. 3. Linear analysis of the stability of the
solution 8(p,z) with respect to small disturbances shows that
the branch wittdR/dB>0 corresponds to a stable domafn.

A stable domain vanishes at a certain value of the surface
microwave fieldB= B (Fig. 3). The condition for vanishing

of a stable domain corresponds to microwave breakdown of
the entire film!® Indeed, it is evident from Fig. 3 that for any
defect radius the breakdown fieR}, is always greater than
the threshold breakdown fieB, of a uniform film. There-
fore for B>B, the normal-phase region, arising on a defect
propagates over the entire sample. Approximate analytic ex-
pressions for the breakdown fieR}; can be obtained in the
limiting cases of defects with a small radilg<Dg and
defects with a large radiuj ;=D

Bd 71,1/4

y<1 (dashed lines It is evident from Fig. 3 that the char- By 27— 1)"R /D)’ Ry<Ds, (20
acter of the destruction of superconductivity depends dt=s
strongly on the “contrastiness¥ of the defect. 1

We shall examine in greater detail the spatiotemporal %_ 1— a . R.=D (21)
picture of breakdown for the casg>1. As the surface mi- By, In(B! ) In2( B/ ) ' d=~H's-

crowave fieldB increases, the temperature of the defect in-
creases, but the region of the film next to the defect remainﬁerea=7§(3)/zwz and

superconducting. Above a certain fieRi=B,, a normal
phase ring forms around the defect. The threshold Belidr

the formation of a domain is determined from the condition

R(B;)=Ry. Using this condition, from Eq(16) we obtain
for B,
B./B,
o -1/2
=|47(Ry/Do) 2 M 11(MRq4/D)Ko(\Rq /D)

7

Simple analytic expressions f&; can be obtained from
Eq. (17) in the limiting cases of defects with small radj
<D, and large radiiRy=D,. According to the Euler—

B=2(y—1)(Ry/D¢)Y2exp wRy/2Dy).

In the casey<<1 a stable temperature domain does not arise
in the film for any defect radiugscurves4—6 in Fig. 3) and
microwave breakdown occurs fd; =B;. It should be
noted that even in the cage>1, for sufficiently small defect
radii Ry the solution corresponding to a stable domain van-
ishes(inset in Fig. 3, and similarly to the casg<1 break-
down occurs aBy=B;, bypassing the intermediate stage of
formation of a stable temperature domain in the film. Figure
4 compares the results of the numerical calculatiorBgf
using the transcendental equatid®) with the analytic for-
mulas(18)—(21). It follows from Fig. 4 that the approximate
expression18)—(21) agree well with the numerical results.
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FIG. 4. Circular defect: breakdown field versus the defect radias (1 —
Eq. (20), 2 — Eg. (21), B— numerical calculation y=0.5(3 — Eq. (19),
4 — Eq. (19, ® — numerical calculation

Linear defectLet us now consider an HTSC film with a
linear defect of half-widthD4 (Fig. 1). In this case the sta-
tionary temperature distributiod(x,z) in the substrate is
described by the two-dimensional equation
70

972

%6

P 0, 0O<z<1,
X

(22

wherex=X/Dg.

By virtue of the symmetry of the problem we shall con-

sider below only the regior>0. In this region the boundary
condition to Eq.(22) atz=0 can be represented as

d0
=+ 2(BIBy)H yn(dy=x)+ 7(6- 1) n(x—dg)} =0, 2=0,
23

wheredy=D/Dy is the dimensionless half-width of the de-
fect. The equatiori22) with the boundary condition@) (23)
anddf/ 9x=0 atx=0 andx= can be solved by separation
of variables, which gives for the domain half-widih deter-
mined from the conditio®(d,0)=1 (d=D/Dgis the dimen-
sionless domain half-widjhthe expression

go A2 exp(—2\D/Dg)—2(y—1)

X >, A2 sinh(A\Dg4/Dg) exp(—\D/Dg)
k=0

=(B?-B})/2B. (24)

Figure 5 shows the domain half-widtis calculated us-
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FIG. 5. Linear defect. The domain half-width versus the surface magnetic
field: y=2 (solid curveg, 0.8 (dashed curvgsD4/Dg: 1,4— 0.5;2,5—
0.1; 3,6 — 0.02.InsetD(B) for y=5.Dy4/Dgs: 1 — 0.05,2 — 0.02.

a manner by passing the intermediate stage of formation of a

stable temperature domain in the film, and the breakdown
field By equals the threshold field, for the formation of a
normal phase in the film. The quantiBy is determined from
the condition R(B;)=Dy, which together with Eq.(24)
gives

-1/2

©

B
Lo 1-2> A2 exp(—2\Dy/Dy)
k=0

By

—1/2 (25)

Approximate expressions fd8, can be obtained from
Eqg. (25 in the limiting cases of a small defect half-width
Dy4<Dg and large defect half-widt®4=Dg4

B, 1

B, 2

T
’Y(Dd/Ds)“n(Dd/Ds)

12
} , Dg<Dg, (26)

B
B_;: y Y4 1—(8/7%) exp(mD4/Dg)]" 2

D4=Ds. (27)

It follows from Eq. (27) that for y<1 B, is always
greater than the threshold breakdown figlg of a uniform
film, while for y>1 the threshold field, for the formation
of a domain can be both greater and less tBgn

For y>1 and B;<B, a localized temperature domain
forms near a defect with a sufficiently large half-widy .
Its half-width increases monotonically with and becomes
infinite at B=B,, (curvel in Fig. 5). In this case the break-
down fieldB4 equals the threshold breakdown fiddg of a
uniform film: B4=B,. For smaller values oD, a stable

ing expression24) as a function of the surface microwave domain(branch withdD/dB>0) vanishes at some fieB,

field B for different values of the defect half-width 4 for
v>1 (solid curve$ and y<1 (dashed curves|t is evident
from Fig. 5 that fory<1 the functionD(B) (curves4—6 in
Fig. 5 is qualitatively similar to the functioiR(B) for a

<By (curvel in the inset in Fig. 5 For B>B, a second,

large, stable domain is formed. In this case breakdown also

occurs forBy=B,,. For even smaller values @, a stable
domain vanishes at a breakdown fiedg greater tharBy

circular defect. In this case microwave breakdown occurs iffcurve 2 in the inset in Fig. b In this case a second stable
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20k microwave breakdown of a film are possible. Each scenario
has its own spatiotemporal pattern of destruction of super-
conductivity in the film.

The first scenario of the formation of a normal-phase
region in the film is due to the action of external thermal
disturbances, which are always present in real systems. For
B>B, thermal disturbances with energy greater than the
critical valueE, lead to the appearance of a normal-phase
region sufficient for subsequent propagation of the phase
over the entire film. Such propagation occurs by unbounded
expansion of the normal-phase region, whose boundary is a
temperature autowave of S—N switchitig2® The critical

3 energy depends strongly on the spatial extent of the distur-
bances and decreases with increasing surface microwave
b ...:.T L mowoww field. For qualitative analysi_s it is. convenient to sgpgrate
o from the spectrum of possible disturbances two limiting
cases: local disturbances and spatially extended disturbances.
The critical energy of spatially extended disturbances can be
FIG. 6. Linear defect. The breakdown field versus the defect half-width €Stimated as the formation energy of the “minimum propa-
y=5 (1 — Eq. (28), @ —numerical calculation 0.5 (2 — Eq. (26), 3—  gating zone” Eypz,%* which plays the role of a critical
Eg. (27), ® — numerical calculation nucleus of the normal phase. In a wide range of values of the
surface microwave fiel®>B,, the critical energy of local
disturbances E.xB~®) is much lower than the energy of
domain with a larger half-width does not form, and for spatially extended disturbance,{p,>B~?). Therefore lo-
B> By the film passes into the normal state as a result of theal disturbances are most “dangerous” from the standpoint
propagation of a normal phase arising at a defect over thef the destruction of superconductivity, since the transition
entire region. An approximate analytic expressionBgrcan  into the normal state is initiated mainly by disturbances with
be obtained in the limiting case of a small defect half-widththe minimum critical energ$®

10+

8, /8,

-2 -7

10
D,/D,

~3

10 10 10

Dy4<Dg The second scenario of microwave breakdown is due to
B. 1 112 the presence of nonsuperconducting defects in an HTSC
d aa . .
— = , film. Local overheating near such defects can destroy super-
By, 2[2(y—1)(Dg/D)|In{(y—1)(Dy/Dy)}| conductivity. In this case a stage of formation of a finite-size
D4<Ds. (28)  hormal-phase regiofa stable temperature domaiat a de-

) ] ) fect can precede microwave breakdown. We note that local

The computational results, obtained using the asymptotigiesiryction of superconductivity in HTSC films has been ob-
formulas (26)—(28), for the breakdown fieldy are com-  ggped in a number of experimerf&>26The spatiotemporal
pared in Fig. 6 with the numerical calculations performedpatern of destruction of superconductivity and the break-
using the transcgndenta! equat@ﬂn). It is ewdent that for  4own field B, depend strongly on the ratip of the absorp-
y>1 Eq. (28) satisfactorily describes the functid®y(Da)  tion coefficients of the defect and the film in the normal state
right up toD4~Dg, while for D4>Dg the breakdowp field (the “contrastiness” of a defegtFor y>1, as a rule, a stage
By equals the threshold breakdown fiel of a uniform o formation of a temperature domain localized on a defect
film. It should be noted that similarly to the case of a C'rCU|arprecedes breakdown, while fer<1 breakdown occurs with-
defect fory>1 and sufficiently small defect half-widDy, & ot the stage of formation of a stable domain. The break-
stable domain is not formed in the filtourve3in Fig. 5. In  qown field B, also depends on the form of the defect. For a
this case, just as fop<1, microwave breakdown occurs for cjrcylar defect the breakdown fieB is always greater than
By =B:. the threshold breakdown fiel, of a uniform film, and for a
linear defectB, can be both greater than and equaBig.
The breakdown fieldB, increases with decreasing defect
size: Byx(Ry/Dg) Y2 for a circular defect andBy

In summary, the thermal mechanism of microwavex[D4/D4/In(Dy/Dg)|] Y2 for a linear defect. It follows from
breakdown of an HTSC film is due to strong dissipation inthese relations, specifically, that for comparable scales of de-
the normal region, which under certain conditions can resulfect sizes the breakdown field on a linear defect can be sev-
in the propagation of a normal phase over the entireeral times lower than on a circular defect. Therefore linear
film.23-2®Such propagation is possible under two conditionsdefects are most dangerous from the standpoint of the de-
First, the surface microwave fieBmust be greater than the struction of superconductivity.
threshold breakdown field of a uniform filmB, Real HTSC films contain a variety of defects of various
=2uo[ksoD¢(Te—To)/Ds]¥2 Second, a sufficiently large sizes. As follows from the relations obtained above, micro-
normal-phase region must arise in the film. Two scenariosvave breakdown will occur on the largest defect in a film.
for the appearance of a normal-phase region sufficient fo€Comparing the analytic expressions obtainedBgwith the

DISCUSSION
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A numerical measure of the difference between crystal lattices is determined. The fruitfulness of
the definition is demonstrated for a specific example concerning the prominence of an
orientational correspondence between the body-centered crystal [attigbct) | of a-martensite

and the face-centered crystal lattidec) of y-austenite in cases where the latter is perfect

and where it differs from a perfect lattice near a screw dislocation.1999 American Institute

of Physics[S1063-784299)01005-3

1. In the theory of martensitic transformatiosITs) approaches, nonquantitative. A quantitative characterization
ideas associating the possibility of a spontaneous structuralf the closeness of lattices requires a measure that expresses
rearrangement of austenite to definite locations where ththe difference between the lattices in terms of a number. In
austenite has been deformed beforehand are used in the dminciple such a measure is also necessary to study many
cussion of the nucleation sta¢gee, for example, Refs. 113 questions concerning the conjunction of regions coexisting in
It is believed that these deformations bring the austenite and heterogeneous solid and having different crystal lattices.
martensite lattices into coincidence, thereby providing favor-The principal objective of the present paper is to determine a
able conditions for fluctuation activation above an energymeasure of the closeness of lattices. The fruitfulness of the
barrier. The results of Refs. 4 and 5, for example, provideproposed definition is illustrated here for a specific example
evidence of this. In Ref. 4 it was established that there existwhich is of interest for assessment of the effect of an elastic
a temperaturd exceeding the MT onset temperativig by  field of a screw dislocation on the prominence of an orienta-
35-40 K. At temperatures in the intervallg, M) the MT is  tional correspondence between the (bct lattice of
produced by external stresseg<o ., Whereo , is the yield ~ a-martensite and the fcc lattice gfaustenite.
point. Strainse <10 3 correspond to such values of,,. 2. Let{X} and{X'} be lattices. The problem is to deter-
Therefore it can be concluded that elastic strains produced byine a measure characterizing quantitatively the difference
an external load decrease the martensite nucleation threshetween these lattices. Since we are talking about applica-
old. An orientational effect is described in R&§ — the tions to martensitic transformations, it is possible and conve-
appearance of predominantly large-angle orientations ofiient to formulate the problem differently — in terms of
athermal martensite plates under elastic tension, indicatingnappings. Indeed, let the latticEx} and{X'} be the result
that uniaxial elastic stresses act selectively, lowering the baef deformations of a given latticg} which are described by
rier for nucleation of martensite crystals of some orientationghe mappings
and raising it for crystals with all other orientations. Analysis ]
of the effect shows that the barrier is decreased if the ~ Xi=Lri, X(=Tri; =123, )
strgsses lead to compression and tenglon, promotmg the Ba\'/vmerexi , X!, andr; are translational vectors of the lattices
variants of deformation, which occur in a martensite plate, o .
and increased otherwise. On the other hand, the effect of {ax}' {X'}, and{r}, respectively. . A

: . L PR Then the closeness of the latticé€X} and {X'} will
dislocation, for example, is in no way inferior in this respect .
.mean closeness of the tensérsand T and vice versa. The
to an external load and therefore could decrease the barrier,

for martensite nucleation at some location or Iocationspair of tensord. andT can be associated to a corresponding

Moreover, Refs. 7-10 attegiith respect to they— a MT number

in iron alloys at leagtto the fact that dislocations are in- m(L, T)={Tr(L-T)(L* —=T*)]}*2 (2a)
volved in the martensite nucleation and that a spontaneous

MT is impossible in perfect austenite. which can be interpreted as the distance between the points

At the same time it is obvious that at the level of elasticrepresenting the tensors and T in an abstract nine-
strains a lattice restructuring, such as, let us say,-fec dimensional Euclidean space and satisfying the conditions
bcabct), by the Bain scheme is impossible. Elastic compresm(L, L)=0, m(L,T)>0 (L#T), m(L, T)=m(T,L),
sion and tension can only bring the fcc and (bot) lattices  m(L, T)<m(L, F)+m(F, T), which are the usual condi-
into closer coincidence, giving rise to Bain deformation. Thistions for the distance between points. In E2g and below
leads to difficulties, making it necessary to construct a pic-an asterisk signifies transposition.
ture of elastic deformations that lower the barrier for marten-  We note that Eq(2a), which establishes a correspon-
site nucleation, since the concept of the closeness of latticadence between numbers and tensor pairs, was obtained by
is itself, even though implicitly postulated in a number of generalizing the formula

1063-7842/99/44(5)/4/$15.00 533 © 1999 American Institute of Physics
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3 172 3. The formulation of the property of the closeness of
m(A,B)z{E (ai—bi)zJ , lattices in terms of mappings leads to a formulation of the
=1 problem that is quite interesting from the standpoint of mar-
which associates to each pair of poitsandB in a three- tensite problems. It arises in connection with the treatment of
dimensional Euclidean space a numb®A,B), the distance the mapping{r}—{X} as a sequence of mappings}
between the points. The closeness or remoteness of the{X'}—{X} in accordance with the decomposittéif the
points can be judged according to the valuesmofThe po-  tensorlL into a product
sition of the pointsA andB is given by the triplet of numbers
{a;} and{b;} — their coordinates relative to a Cartesian L=QE ©)

rectangular coordinate system. The rank-2 tensaaadT in of an orthogonal tensaf and a symmetric tenscg. The

?_}_'S }Cg?rglgt?itf esl{:‘ T;i?tsarivLee?;ezeztledzbéézeémg;nget lattices{X} and{X'} differ only by their orientation relative
in ' o ’ to the lattice{r}. Therefore, taking in Eq. (3) as given? it

consisting of nine numbers. However, there is nothing wron : . :
with considering the numbers as the coordinates of poin'ﬁsS possible to determine a SH{X(L2)}} of lattices enumer-

. : , ated by the transformatio® and to pose the question of
(we denote them, just like the tensors, byand T) in an . ; g
) . . . o choosing the latticé X ()} closest to{r}. Actually, this is
abstract nine-dimensional Euclidean space and defining thé ; . J .
distance between them as a question of the prominence of an orientational correspon-
dence between lattices for which the difference between the
, 12 lattices will be minimum. This question reduces to solving
Tin) the problem of an extremuniminimum) of the measure
_ _ _ m{X(Q)},{r})=m(L(Q),l) as a function of}, where},
by analogy to the distance between points in a threeheing a rotation, operates on an arbitrary veet@ccording
dimensional space. Hence it is easy to switch to the equatiof the rule Qa=[l cose+(1—cosg)l-1]Ja+sin¢[l,a], 0

3
m(L,T)={_E (Lin—

in=1

3 3 1/2 < <2 is the rotation angle, and the unit vectodeter-
m(L, T):i 2 (L_T)in(L*_T*)niJ ' mines the orientation of the rotation afisThe necessary
i=1n=1 and sufficient condition for a minimum can be expressed in
since Cin—Tin)2=[(L=T)iy]2=(L=T);,(L=T);,, this case by the equation TEQQ)=0. Itis eguwalent to
=(L=T);s(L* —T*),;, then to the equation the system of equationsdl, El)(1—cos¢)=0, Tr E

=(l, El)sin =0 for ¢ andl. The latter system is satisfied
: v identically for =0 and arbitran}. This solution corresponds
m(L, T)= { ,Zl [(L=T)(L* _T*)]”] : to Qo=1. Therefore among the latticé§X(Q)}} the lattice
{X(M}={X'} meets the requirement of maximum closeness
to the lattice{r} and hence the orientational correspondence
between the lattices associated by the deformdiidgtself is

and finally to Eq.(2a), which does not depend explicitly on
the choice of the coordinate system.

It is natural to take the numbé&Ra), characterizing the prominent.
difference between the tensdtsand T, taking account of 4. We now turn to the case of fcc and Ioch) lattices

Eq. (1), as the characteristic of the difference between the{or y and a in more succinct notationsThe difference be-

lattices{X} and{X'} and to set tween them will be minimal for the Bain orientational corre-
m({X}, {X'H=m(L, T). (2b)  spondence. A direct check for the latticeg, ay, and
ak_ of three orientations relative to the lattice which

Then_ it will SEIvVe as a measure making it possible to orrespond to the Bain, Nishiyama, and Kurdyumov-Sachs
express in a quantitative form the property of closeness °¥rientational relation¢ORs, for example, gives

objects such as lattices and, together with concepts of equal-

ity (coingidencae and ineqqality(noncoincidenc)aof Ia}ttices, M(ag,y)<M(ay,y)<M(ak_z,7), %)

to establish an order relation for them. As a result it becomes

possible to solve on a quantitative basis problems in which ivherem(a,y)={Tr [(L=1)(L* —1)]}*?, L=QE is a ten-

is necessary to choose from a set of lattices the one that sor that transforms the lattice, andE andQ are determined
closest to a given lattice. On the other hand the quantitypy Egs.(Al) and(A2) in the Appendix.

m({X},{r})=m(L, I), wherel is the unit tensor, can be used Thus, on the basis of the closeness of frend « lattices

as an order parameter for describing deformational phaséne Bain orientational correspondence should be expected
transitionsL{r}—{X}, which in contrast to the tenstris a  between they-austenite andv-martensite lattices in iron al-
scalar. Indeedn takes on different valuesn(l, 1)=0 in the  loys. This has been observed for a MT in very thin filts.
initial phase andn(L, I)# 0 in the final phase, characteriz- However, fora-martensite lattices in bulk samples orienta-
ing the quantitative difference between the phases. Finallytjions close toay or ax_7 are characteristic. However, the
we note with respect to the definitioi2) that the abstract order relation established by the inequalitids for the lat-
space of points representing tensors need not be Euclideatices ag, @y, and ax_7 was obtained assuming that the

A different metric can also be chosésee, for example, Ref. lattice is perfect. It can change if thelattice is imperfect. It

11), postulating, depending on the specific requirements ofs of interest to study such cases, since the modern concepts
the problem, a metric tensor that is different from the unitof the nucleation of martensite, heterogeneous or homoge-
tensor. neous(in the sense of Ref.)lare compatible with the ide-
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alization of perfecty-austenite as a model of the structural Sachs order relation is parallel to the dislocation line. We

state preceding a MT. shall confine our attention to this case, taking for definiteness
5. Let us assume that the distortions of austenite are dug:[ooﬂy’ A=— 7= [T01]y/\/§, and N= [111]y/\/§ in

to a screw dislocation with the direction=(110),/\2 char-  Eqgs.(A1) andA2). The distance , and the directiom, will

acteristic for fcc lattices. The distortion tensgrdescribing  then be given by

in the continuous approximation elastic distortions of the lat- T B —

tice around an infinite screw dislocation with the I{tL0) , ra=bA™(2mJ), p.=(B,7[010],, ™

and Burgers vectob=bg in an infinite crystal with cubic whereJ=«(2—t?)[2(2+1?)]¥2 The values of lie in the

symmetry, is given by the formulay=2zB-i, where range 0.27-0.33, depending on the valuescaindt, and

i=[p,7], p=rIr, r=[%[ro,7]], the radius vector, deter- /b lies in the range (0.480.58)A"%. We note that the

mines the position of a point in perfect austenite relative todislocation-induced distortions of austenite are nonuniform
the poleO chosen on the dislocation IinE:bA1’2(47rrf) and decrease with distance from the dislocation line. There-

A is the elastic anisotropy parameter, fore the region Where' the Kurdyumov-Sachs correspon-
dence between the latticesand y' has not yet lost out to
3 . .. .
f=A+2(1—A)2 ( (e, i) 5 the Bam_correspondence should befinite in the transverse
] €77 (& D section (D1),. It is convenient to give the positions of the
: . ded triol ¢ uni i q points in this section by the radius vectorsr(p,cos)
alnd {enr}; 'Sf a r]:glk(ljt—han ed triplet of unit vectors directed _; qiny) in the basis formed by the vectops [see Eq(7)]
along t g our-% ,syhmrnletry axef;. ; ) d andi,= (B8, 1-)[101]7/\/5, wherer and ¢ are determined by
We denote byy’ the lattice of imperfect austenite, and v, congition m( a5,y (T))<m(ag,y), which in turn
we shall treat it as being the result of the mapping y’ of - e
X . . leads to the inequalities
the lattice of perfect austenite, described by the tefiset
+x. The location of points near which the measure of the ~ I'-(#)=<r/ra<U' (¢), —de<y=i,
difference between the lattices (T) and a(L) with given  where
orientation reaches an absolute minimum is determined by 1
I'. =[cosy* (cogy—cog /(fcogy),
solving the equation  Tr {(L*—T)[(JT/ar)dr = =[cosj=(cosy o) U vo)
+(dp,dldp)T]} =0, expressing the necessary and sufficient  COS¥e=[M*(ax_z,y)—m*(ag,y) /3%,
conditon ~for ~a minimum of the measure andf=A-(A—1)coSy.
m(a(L),y'(T))=Tr {[L=T)(L* —T*)]}*”2 This equation The angley, as a function ofx andt varies over the
is equivalent to the system of equations,(L* —x*)B)  range(0.190-0.1957. The maximum size of the section un-
=0, (i,(L* —x")B)=0 forr and (2, satisfied identically at der study in the directiorp, is given by the expression
r=r, and p=p,, where r,=2be,/J, p,=[r7i.], ia  2rssing./cosy, and lies in the rangél.64—-1.7%,. The
=(B,9IJI, I=[=[L*77]], ga:A1/2/(4qTfa), and f, is maximum size in the directiohy can be estimated from the
the value of the functiori5) ati=i,. Elastic lattice distor- €xpression

tions of perfect austenite at points located at a distagde (2IA) Y2 {2 sirfip— AL
the directionp, from the dislocation line are described by _2 e U1l
the tensorT=T,, where T,=1+7J. The tensorT=T, +[AT2+4(1- A" Ysint g 1Y cosye

maps the latticey into the lattice y,=vy'(T,), which is  For A>1 this size is essentially independent Afand is
maximally close to the latticer(L). The difference between approximately 1.b.
them is characterized by the smallest value of the measure Thus comparing therg, ay, anday_ lattices with the
m(a(L),y'(T)) austenite lattice, which differs from a perfect lattice near a
N2 211/2 screw dislocation, shows that the Kurdyumov—-Sachs orien-

Ma( (L), va) =M (a(L),y) = 1™ © tation is prominent in a cylindrica(lnonci?/cula) region ori-

For givenL = QE (i.e., for a given relative orientation of ented parallel to the dislocation line. In the transverse section
a and v lattices in this cagenot all dislocations from the this region is characterized by two dimensions: the smallest
family under consideration bring into coincidence the latticesdimension in the directioi, and the largest in the direction
a(L) and y in the same way at the indicated points. Thep,. The first dimension is essentially independent of the
smallest of the value) (which we denote byn,(ag,v,), elastic anisotropy parameter and is close td1Fe second
ma(an,vs), andmy(ak_z,7v4)) corresponds to dislocations one is proportional té\*? and reaches 20 to 30 timésonly
(four, two, and one respectivglywhose lines make the for A=300. Therefore these dimensions are comparable to
smallest angles with the directions appearing in the Bainthose which are usually takEtfor a-martensite nuclei, if the
Nishiyama, and Kurdyumov—Sachs orientational relationselastic anisotropy is large. Such an anisotropy is not charac-
However, calculations using the datan the parameters of  teristic for the volume elastic properties of iron alldyer
and « lattices show thatmy(ax_z,y.)<m(an,7vs), example, in Fe—Ni Invar alloy8~4 (Ref. 17], but in prin-
Ma(ag,vs)- ciple it is realizable in systems with quite appreciable soft-

Thus the order relation for theg, ay, andayx_, lat-  ening of the elastic modulu8' near the MT onset tempera-
tices is reversed if they are compared with the latygeand  ture. The existence of local regions near defects where partial
the Kurdyumov—Sachs orientation becomes prominent prasoftening of the elastic moduli and a decrease of stability can
vided that the directiorA appearing in the Kurdyumov— be expectetf also has not been ruled out.
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If coincidence of thea and vy lattices decreases the stretching and compression. The use of the concept of close-
nucleation barrier fow-martensite, then the elastic field of a ness of lattices in application to the DCN model and also for
screw dislocation gives the most favorable conditions forinvestigating the most favorable variants of partially coher-
nucleation of martensite with the, _, lattice, giving rise  ent conjunction of thex-martensite andy-austenite lattices
not only to deformation but also rotation of the of the auste-can serve as a subject of a separate analysis.
nite lattice. The deformation is described by the strain tensor

~ APPENDIX
e=(x+ x*)/2 and consists of stretching =& and compres- h d ibing th . q
sion &,= “% in the directions §1=(i+ﬂ)/\/§ and & The tensolE describing they— « restructuring accord-

=(ﬁ,1)(i—ﬁ)/\/§. For a dislocation with the liner M9 to Bain can be expressed by the formula
=[101],/y2, specifically, e=bAY34mr[A+(1-A) E=«\2{I+[(t/\2)—1]p-p}, (A1)
X cogylt L, i=i cosp—p,sing, wherei, andp, are defined

_ : wherex=a,/a,, t=c,/a,, a, is the parameter of the
above. Therefore for fixed and A>1 stretching and com-

lattice, a, and c, are parameters of the lattice, andp

pression in the directiop=p,, where p=p,cosj+i,Siny, =(100, gives the orientation of the axis of Bain compres-
reach maximum values, whilg and &, coincide(if B=17) sion.
with the directions[100], and [001], characteristic for The rotationQ that gives after a Bain deformation the

stretching and compression under a Bain deformation witlishiyvama and Kurdyumov—Sachs orientational correspon-
the compression a>i/|§:[001]y- This agreef/xwth the direc-  gence between the and « lattices is given by the formula
tions A=[101],/y2 and N=[111],/y3 in the
(101],/y2 ~and N=[111], he. Q=N-e+A-€+[N,A]-[e.€], (A2)
Kurdyumov—Sachs orientational relation. The latter is im-
portant from the standpoint of the elastic model of a dislo-where e=(N, E"2N)"Y2E"IN; e =(A,E?A) Y2EA;
cation center of nucleatioDCN) of martensite’ In the N=(11]>7/\/§ is a vector normal to the plane appearing in
DCN model the locations favorable for nucleation are assothe Nishiyama and Kurdyumov—Sachs orientational relation;
ciated with the neighborhood of points where stretching and\ gives the direction appearing in the orientational relation,
compression of austenite occur in orthogonal directions closd = \/6[N,[p, N]]/2 for the Nishiyama orientational corre-
to the extremal directions for the given dislocation. There-spondence andA=\6{[p,N]=3[N,[p,N]]}/4 for the
fore, for a screw dislocation the results concerning favorablé&Kurdyumov—Sachs correspondence.
locations for nucleation ofi-martensite that follow from the Y _ _
DCN model are consistent with the results obtained on theSee Ref. 13 concerning approaches to the crystallography of martensite
basis of the definitior§2) of the measure of the closeness of and the construction of the tensdts
> ” . ) 8 2The symbolsa-b, (a,b), and[a,b] employed in the text denote tensor,
lattices. when comparing with the elastic model of DCN it scalar, and vector products, respectively. The action of the tensoon
should also be remembered that for the orientational variantshe vectorc is determined by the rula-bc=a(b,c).
of an « lattice which were considered above the orientations
for which the direction appearing in the orientational relation V. v. Kondratev and V. G. Pushin, Fiz. Met. MetallovesD, 629(1985.
makes the smallest angle with the dislocation line are always \3/-1 "2-8\;‘?;%25?29'” ?g;]d S-SMi_:gSht%hlefé';% (';'gzég]verd- Teémingrad
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A theoretical and experimental study is made of the growth and decay constants of the

brightness as functions of the rise time and amplitude of the pulse from electroluminescent
structures based on manganese-doped zinc sulfide and deposited on smooth and rough substrates,
and as functions of the rise time and amplitude of the ranifieéarly rising exciting

voltage. The curves obtained are used to determine a variety of parameters and characteristics of
the electroluminescence process: the lifetime of the excited luminescence centers, the

excitation and relaxation probabilities of luminescence centers per unit time, and the cross

section of impact excitation of luminescence centers and their dependences on the rise time and
amplitude of the linearly rising exciting voltage. Explanations are given for the fact that

the indicated characteristics show different behavior for structures on smooth and rough substrates.
© 1999 American Institute of Physids$$1063-784£99)01105-9

To increase the efficiency indicatotbrightness, light outer smooth surface. The Sp@ansparent electrode was
output, internal and external quantum yields, and energybtained by hydrolysis of tin chloride. A phosphor layer was
yield) of film electroluminescen(EL) emitters(ELES) it is  deposited by vacuum thermal evaporation in a quasiclosed
necessary to know the most important parameters determifp|ume; the opaque electrode was produced by vacuum ther-
ing the kinetics of the electroluminescence, such as the probna| evaporation; the thin-film insulator layers were produced
abilities of excitation and transition into an unexcited state ofyy electron-beam evaporation; and, the CLI was deposited in
luminescence centers, the impact gxcitation Cross section %ﬁle form of a paste. The rough surfaces were obtained by
these centers, and othérAs_shown in Ref. 2, most of these chemjcal etching of the smooth substrate in hydrofluoric
parameters can be determined by exciting film ELES with a,0i4 Al identical layers of the experimental structures were
linearly rising voltage. However, since these parameters déspained in the same technological sequence. Measurements
pend on the excitation reginishape, amplitude, and tempo- with an MlI-4 microscope and an FOM-2 photoelectric ocu-

ral parameters of the voltage pulkes complete description lar micrometer showed that the rough substrates possessed
of the electroluminescence kinetics requires knowledge ofn their inner surface 0.2—0;8m microasperities, uniformly
the indicated dependences. Therefore our objective in thgistributed over the surface. with linear sizes of’0.6—,¢1r0'

present work was to investigate excitation and relaxatloqhe distribution of the height and linear dimensions of the

processes for luminescence centers in ZnS:Mn-based film . s ) T
ELESs as a function of the parameters of the linearly increas[nlcroasperltles corresponded to a Gaussian distribution. The
diameter of the opaque electrodes was 2.5 mm. The surface

ing exciting voltage for EL structures deposited on ordinary . -
smooth glass substrates and on structures deposited on sJ?-S'ftanc?ﬂ? fthe trantipgrent eIe(;trode wgsizd on.tshub-
strates with a rough surface and having higher electrolymi®Tates WIth @ smooth inner surface an with a
nescence efficiency indicatots® rough surface. Brightnegguminance was measured witha
To solve this problem we performed experimental inves.YaRM-3 luminance—luxmeter with a measurement error of

tigations of metal—insulator—semiconductor—insulator—87- The parameters of the brightness waves with the EL

metal (MISIM) and metal—insulator—semiconductor—com-Structures excited by a linearly rising voltage were measured
posite liquid insulator—metaMISLM) structures, where M With an FEU-75 photomultiplier, the signal from which was

is the first, 0.2um thick, SnQ-based transparent electrode fed into an S1-114 two-trace oscilloscope. A linearly rising
deposited on a glass substrate and the second, opaque, oV@itage regime was obtained using a symmetric sign-
um thick Al-based opaque thin-film electrodor MISLM changing trapezoidal voltage with simultaneously adjustable
structures and a clamped metal electrode with micrometric €qual rise and fall times of the pufstapplied from a G5-89
regulation to within+5 wm; S—El is a 0.80—0.8%m thick ~ generator with an additional amplifier. The measurement er-
layer of ZnS:Mn | — 0.2—0.3um thick layer of the insula- ror of the temporal parameters was5%. An MUM-2

tor ZrO,X Y,05 (13 mass % L — a 15 um thick layer of ~ monochromator with 0.6 nm resolution ard0.5 nm mea-

a composite liquid insulatdiCLI) consisting of a mixture of ~surement error was used to measure the spectral characteris-
PFMS-4 organosilicon liquid with a BaTiJpowder fill with  tics.

1.5-3.0 um grain size and filled density in the insulator To determine the dependences of the basic electrolumi-
~50 vol%. The structures were deposited on a smooth sulirescence parameters on the parameters of the exciting volt-
strate and on a substrate with an inner rough surface and age we shall examine the kinetics of electroluminescence in

1063-7842/99/44(5)/7/$15.00 537 © 1999 American Institute of Physics
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film ELEs excited by a linearly rising voltage. Ne= Nexd ANV, (6)
Under direct impact excitation of M#i ions the change

in the density of excited luminescence centers is describedext iS the external quantum yield, equal to the ratio of the
by the equatioh number of photons emitted from the surface to the total num-
ber of photons arising in the volume of the EL layégf;is
dN*(t) — a(O[N=N*(t)]— N*(t) P n the visibility of the radiationhv is the energy of the emitted

dt T photons [ is Planck’s constaitand,d, is the thickness of

. : . . the phosphor layer.
whereN is the density of luminescence centeiis,(1) is the As a result, we obtain the instantaneous brightness as a

density of .e.XC'tEd Iumm_e_scence cen_teas{,t):aj (/e is function of time with the exciting voltage rising from the
the probability of a transition of a luminescence center from

the ground into an excited state per unit tinaei¢ the impact th_reshold value/y, corresppndlng to the_tn &, when the
2 . . o thin-film ELE starts to luminescel{(t,)=1 cd/nf), up to
excitation cross section of a luminescence cenig), is the

conduction current density in the phosphor film, giving risethe timet, when thevoltage amplitude reaches the vale

to luminescence of the film, arels the electron charger is 7dN  a

the relaxation time constant of the excited luminescence cen- Ly(t)=

ters which is due to the radiative transitions into the ground

state; andg is the probability of nonradiative transitions of 1

these centers per unit time. X|1— ex;{ —( a+—
For the analysis, we assume that the insulators are uni- ™

form and have no dielectric losses, the electroluminescent 1o expressior{7), which holds for low repetition fre-

structure is symmetric, and the brightness waves are identicg|,encies of the exciting voltage pulses, when the brightness
in different half periods of the exciting voltage. drops to virtually zero within a half period, i.e., (46)7*
We shall solve Eq(1), similarly to Ref. 2, under the —1/5 (T is the repetition period of the exciting voltage

assumption thatr does not depend on Since the lifetime ;563 makes it possible to determine the brightness growth
7 of the excited luminescence centers is constant

1
P

™ a+llt*

(t=tn) |- 0

-1

: )

=

Ty =
9
T*

1)1
a+ —) . (8

and using the expressioi(t) = Cyo(dV/dT)=Cyo(Vim/tm)

for the active current density on the linearly rising section of ~ Similarly, taking as the initial conditions equal ampli-
the exciting voltagé® whereCy is the specific capacitance tudes of the brightness wave during growth and decay
of the insulator layers of the EL structure anglis the time  Lu(tm)=Lc(tm) =Ly at t=t,, we obtain an expression
at which the excitation voltage reaches an amplituggithe  Lc(t) for the dropoff of brightness with time

moment of the transition to the flat top of the trapezoidal

pulse, we obtain the density of excited centers Lo(t)= medN @
™  at+llT*
NF (1) Ce;{ ( + 1H+ o (3)
™ at+l/ X l—exr{— a+ —*>(tm—tn)H
on the section where the exciting voltage increases up to its T
maximum valueV,,, and t—t t—t
xexp — ——=| =L, exp — ——]. (9)
t 7:k T*
NE()=Cexp —— (4)
T The lifetime 7* can be found using expressiof®—(9).

on the section corresponding to the flat top and the dropoff of N general the probability: of a transition of a lumines-

the voltage pulse. Her€ are constants determined by the C€NCe center from the ground into an excited state, the im-
initial conditions. pact excitation cross sectian of a center, and the lifetime

We now substitute into Eq5) the solutiong(3) and (4) 7* of the luminescence centers can depend on the rise time
taking account of the initial conditions, which take accounttm @nd the amplitude/y, of the exciting voltage. Then the
of the onset of radiation generation when the exciting voltag"0Wth constant of the brightness, its reciprocaly, and
reaches the threshold value. The equatiBh relates the & €an be determined as
brightness of the ELE luminescence and the density of ex- To(tm, Vi) = (@(tm, Vi) + 17 (1, Vi) 7L, (10)
cited luminescence centers under monochromatic radiation

and constant brightness in all directiof@asLambert sourge 1 )
———=a(ty, V) + —, 11
N*(t) Tg(tmavm) ( m m) T*(tm,vm) (
L(t)=mnd——, (5 VIV
T
(t V)= O Vit (12)

where 7. is the light output efficiency given by ety
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whence the expression for determining the impact excitatiorzg,ms a
cross section is .20}
1 1 ety
o(tm,Vim) = (13

To(tm:Vim) 7% (t,,,V,) | CaoVim'

In accordance with Eqg11) and (12) with o~10"16
cn?, Cqo~3%108 F/en?, and V,,~200 V we have
a(V,)~4x10"2% and for t,=7* we have a(ty,Vy)
<17*(ty,Vim). Then the function Hy(ty,,Vy) reduces to
the function 1#* (t,,,Vy)

0.80

1 1 (t V)= % (6 V) 0.40
~ . T Vo)~ 7 Vo).
7'g(tmyvm) ™ (tm,Vm) g me meem

14

The methodological error does not exceed 0.5%.

Expression(10)—(14) make it possible to find from the
experimental dependenceg(ty,,Vy) and 1ky(t,,Vy) ava- 0
riety of parameters and characteristics determining the kinet
ics of electroluminescence in film ELEs. For all structures L
indicated above, when studying the waves of luminescenc y
brightness of the structures on a sign-changing symmetri
trapezoidal voltage with pulse rise and fall timgs=20 us
and pulse repetition frequency 400 Hz, on the saturation sec
tion of the brightness versus voltage characteridfgé¢Cs)
the front where the brightness increases to the maximur&4Jf
value was, within the limits of measurement error, exponen
tial, in accordance with Eq7), with a growth time constant
74. For the MISIM structure on a substrate with a smooth
inner surface the decay of the brightness wave after the volt
age amplitudeV/,, was reached was also exponential, in ac- g,2g}-
cordance with Eq(9), with time constant 65Qus. For an
MISLM structure on a smooth substrate and for all EL struc-
tures on substrates with a rough inner surface the decay ¢
the brightness wave possessed two exponential sections:
fast section with decay constant;=200-260us and a | | |
slow section with7,=460 us (MISIM structure, 400 um o 700 200 300
(MISLM structure on a smooth substrateand 300 us bmo 1S

(MISTIBI\éI fsotrrrl:]ctc;rtehZne )?prec;lijrgznstzlbzggxeendemgam) mea. F1G: L g versusty: a — for an MISIM structureb — for an MISLM

’ structure;1,3 — on the rising section of the BVQ2,4 — on the saturation
sured as a function df,, in the range 1-30@cs with a 400  section of the BVC:1,2— on a smooth substrat8;4 — on a rough sub-
Hz repetition frequency of these puls@sg. 1), attests to a  strate.
large increase ofy with increasingt,,, especially for the
MISIM structure on a smooth substrate. The saturation sec-
tions of the dependencg(t,) for larget,, (300us) make it of an increase in the effective specific capacita@gg of the
possible to determine the lifetimed of the excited lumi- insulator layers and also an increaserofSimilar behavior is
nescence centers in accordance with @4). For an MISIM  also observed for the MISLM structure on smooth and rough
structure on a smooth substrdfég. 19 7* is 0.9 ms on the substrategFig. 1b), the latter also leading to an additional
increasing section of the BVCV(,=90 V) and 0.84 ms on decrease of,. For the MISIM structure on a substrate with
the saturation sectionV(;,=140 V). The reciprocals (I*) a rough inner surfacé€Fig. 18 7 =0.57 ms (1#*~1750
determine the probability of transitions of luminescence cens 1) on the rising section of the BVC and*=0.51ms
ters from an excited into an unexcited state per unit time and1/7* ~1960 s !) on the saturation section; for the MISLM
are 1110 and 1190 ¢ on the rising and saturation sections structure (Fig. 1b on a smooth substrate* =0.56 ms
of the BVC, respectively. The methodological error 4t (1/7*~1790 s 1) on the increasing section of the BVC and
and 14*, taking account of the values presentedtigrand  7* =0.53 ms (1#*~1890 ms'!) on the saturation section;
7, does not exceed 1.5%. For a rough surface the values @i a rough substrate’ =0.38 ms (1#* ~2630 ms 1) on the
74 decrease and the saturation sectiorrgft,,) shifts in the increasing section of the BVC and*=0.35 ms (1#*
direction of large values of,,; this could be due to both a ~2860 ms') on the saturation section. The measurements
decrease of* and an increase af, for example, as a result performed with the E7-14 apparatus attest to the fact that the
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capacitance of MISIM and MISLM structures on rough sub- #/z,,s”’ a
strates is 20—30% higher than for structures on smooth suk#00t+4
strates. This confirms that the increaseCig, plays a role in
the increase ot.

As follows from the data presented above and in Fig. 1,
for large values oft,,, where the relation14) holds, the
lifetime 7* of the excited luminescence centers of all struc-
tures depends on the voltayk, and is independent df;,.

For this reason the general decrease in the value$ dbr 2.006+4 -
EL structures on a rough substrate as compared with struc
tures on smooth substratéBig. 1) can most likely be ex-

plained by an increase of the electric field in the EL layer at

the locations of microasperities on the substfateThe 1.00E+4
lower values ofr* for the MISLM structure on a smooth
substrate as compared with the MISIM structure on the sami
substrate are explained by the presence of a nonuniform ele<a_m+g | 0@ '
tric field in such a MISLM structure because of the nonuni- OE+0 4E+4 8E+4 1E+5
form distribution of the permittivity of the CLI layer®

The possible mechanisms leading to a decrease of th b
brightness growth constant, on switching from smooth to ~ *%%*#
rough substrates can be distinguished most easily, on th

J.00E+4

T

T

basis of Eqs(11) and (12), according to the experimental 3
curves 1#y(t/ty,). These curves &j(1it,) (Fig. 2), incom- ;00,1
plete agreement with Eq$l1l) and (12), are linear for an 2 4

MISIM structure on a smooth substrate in the entire range

Tm=300 us, for an MISLM structure on a smooth substrate

for t,,<50 us, and on a rough substrate fgr<100 us. For  200e+4

the MISIM structure the slope of the curverd(1f,) in-

creases by a factor of 1.4 with the voltageV,, increasing

by a factor of ~1.55. Taking account of the errors in the

measurements o¥,, and 7y this confirms the validity of

expressiongl1) and(12) for this structure. For the MISLM

structures on smooth and rough substrates the slope of tr

linear sections of the curves#(1/r,) increases by only a 4 gpr+p [ | .

factor of ~1.1 with VV,, increasing by a factor of- 1.47. This Oe+0 4Ers b st BE+4 1E+5

deviation of the indicated dependences from the working m?

equations(11) and(12) is due to the existence of a depen- FiG. 2. 1ky versus 1, : a — for an MISIM structureb — for an MISLM

denceCyo(V,,) due to the fact that the permittivity of the structure;1,2— on a rough substrat8,4 —on a smooth substraté;3 —

CLI fill — barium titanate — decreases with increasiig . on the saturation section of the BV@;4 — on the rising section of the

Specifically, asV,, increases from 1 to 60 V, the specific BVC.

capacitance, determined experimentally with the E7-14 ap-

paratus, of the CLI layer decreased by a factor-e2.5,

giving rise to a corresponding decrease of the resulting valusescence centérsvith lifetime 7.;; such pair centers could

of C4o Of the MISLM structure. The data presented aboveappear as a result of the nonuniform electric field in the EL

show thatr* and 1/* for these structures are independent inlayer. These centers could have a similar effect on the de-

the indicated range of,,. For the MISIM structure on a pendences ¥}(14,) for MISIM structures on a rough sub-

rough substrate, in the rangg,<300 wus the function strate(Fig. 2).

1ry(1hy) has the form ]a‘g~(1/tm)2 on the rising section Since for the MISIM structure on a smooth substrate and

of the BVC and 17‘g~(1/tm)3 on the saturation section. This an MISLM structure on smooth and rough substrates Egs.

form of the functions 1y (1/,) attests to dependences®f (11) and (12) hold in the indicated ranges af,, in these

onty, or 7 onty, for this structure in the indicated range of ranges the experimental curvesr/lit,,) for these struc-

. tures(Fig. 2) are at the same time dependences of the exci-
For the MISLM structure the dependencey{/l/7,) be-  tation probabilitye of the luminescence centers per unit time

comes weaker for large valuestgf (t,,=50 us on a smooth on 1#,,, taking account of the fact that the valuesmfon

substrate antl,,>100 us on a rough substrat@Fig. 2). This  the ordinate in this case are obtained by decreasing the cor-

is probably due to the appearance of the two decreasing seresponding values of 1/ by the constant values of 47

tions, mentioned earlier, of the brightness with lower valuegpresented above for these structures.

of the decay constants; and r.,, which could be caused by In summary, for MISIM and MISLM structures 44 and

relaxation of, together with single centers, ¥npair lumi-  the slope of linear sections of the curvesy{d/t,,) on both

1.00E+4

tm



Tech. Phys. 44 (5), May 1999 N. T. Gurin and O. Yu. Sabitov 541

Ty, mS a 1t,,s" a
120 5.00E+4 |
1
080 — . 2.00E+4 | z
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0.40 1.00E+4
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4 3
oL ¢ , ; 0.00E+0 e S —— 16
a 50 " b 1.20E+8 - b
1 \\
8.006+4 - 1
0.40 i 3 \\\
4 00E+ 4|
0.201
%
2 /
foe s 0.00E+0 ' : ’ —— §
0 , , . . 740 760 180 200 220
40 160 180 200 220 Vn sV

V.,V

m? FIG. 4. 1k versusV,: a — for an MISIM structureb — for an MISLM
FIG. 3. 7, versusV,,: a — for an MISIM structureb — for an MISLM structure;1,2,4— on a rough substrate3,5,6 — on a smooth substrate;
structure;1,2,4— on a smooth substrat&,5,6 — on a rough substrate; tm=1 (1,3), 20(2,5), and 300us (4,6).
tn,=300(1,3), 20 (2,5), and 1us (4,6).

corresponding structures. The relatigh8) and(14) make it
the rising and saturation sections of the BVC tend to increaspossible to determine the functiom(V,,) for an MISIM
on switching from a smooth to a rough substrate. This can bsetructure on a smooth substrate, using the relatigV,)
explained by an increase af(V,) and possibly also of ~7*(V,,) att,=300us and the real valu€4o=3x 10* pF/
1/7* (V) in a nonuniform electric field. cn? and subtracting from the experimental curve ¥ ,)

As follows from Eq.(12), for a MISIM structure on a measured at,=1 us the experimental curve 4V ,,) mea-
smooth substrate can increase with/,,, on account ot sured at,,=300 us. As indicated above, the methodological
itself as well as on account of an increasecdV,,). To  error in determiningr(V,,) does not exceed 1.5%. The de-
determine the reasons why(V,,) increases, the depen- pendences(V,,) obtained in this manne(Fig. 5 can be
dences ofry on V,, were investigated experimentally for approximated by the functionr~ D (expkV)/V,, where
MISIM and MISLM structures. According to Eq¢ll) and D~7.22x10 *®V.cm 2 andk~0.015 V1. This form of
(12), 74 decreases with increasing, (Fig. 3), and for large  the function differs from the data in Ref. 1, which gives the
tn (300 us) these dependences are essentially linear fofunction o~ exp(—E,?), whereE,, is the electric field in the
structures on smooth and rough substrates. Since the relati@i layer. When expressiof13) holds for an MISIM struc-
(14) is satisfied in this case, these dependences are actualiyre on a rough substrate, as indicated by the linear character
V., dependences of the lifetime® of the excited MR lu-  of the experimental curve (Vi) atty,=300 us (Fig. 4),
minescence centers for all EL structures, and the deperand the capacitanc€, is independent of the voltagé,,,
dences of the reciprocal 4/ on V, (Fig. 4) with t,=300us  the analogous dependene¢V,) for this structure(Fig. 5),
are dependences of the transition probabilities* Ito an  which can likewise be approximated by the function
unexcited state of the luminescence centers ve¥suor the  o~D(expkV,)/V,,, Where D~5.54<x10 ¥ V.cm ? and
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2 by the functiona~ ayexpkV,,, whereay~1353 s andk

~0.015 V1 for a structure on a smooth substrate ang
~1108 s! and k=~0.022 V! for a structure on a rough
substrate. For the MISLM structure the dependemfé€,,) is
linear, a=k(V,—V,) + «;. For a structure on a smooth sub-
stratek~130 V !s ! and a;~7%x10° s %; for a structure
on a rough substrate~870 V s ! and a;~6x10° s 1.
The fact that the dependence$V,,) for an MISLM struc-
ture are weaker than for the MISLM structure can be ex-
plained by the above-mentioned decrease in the specific ca-
2 pacitance of the CLI layer with increasiny,,, which
/ compensates the increasedilV,,). The maximum values of
a achieved are higher for the MISLM structure than for the
. | N MISIM structure. This is explained by the higher intensities
100 120 %0 of the nonuniform electric field in local sections of MISLM-
Vn oV based ELEs.
It should be noted that thé,,, dependences af,, 1/7y,
™, 17, o, and « for various values ot,, and also the
dependence of &} on 1t, with the corresponding values of
V., are simultaneously dependences on the voltage growth
k~0.022 V%, can be estimated. On the whole the impactrateVy/ty, and they can also be used to describe the kinet-
excitation cross sections of Mn2* luminescence centers ICS Of electroluminescence and to optimize the excitation re-
for an MISIM structure on a rough substrate are 1.6—2.3ime of ELEs.
times higher than the corresponding values for an MISIM
structure on a smooth substrate for the same values of thegncLusions
voltage. The functionr(V,,) is more difficult to estimate for
an MISLM structure because of the presence of the previ- Our experimental investigations of brightness waves in
ously mentioned dependenGao(V,,). MISIM and MISLM structures on smooth and rough sub-
In contrast too(V,,) the dependence(V,;) can be de- Strates with exciting voltages corresponding to the saturation
termined in accordance with Eql1l) for MISIM and sections of the BVCs attest to an exponential leading edge of
MISLM structures on both smooth and rough substratesthe brightness wave in all experimental structures. The decay
since expressiofiL1) in the general form takes account of the Of the brightness wave for MISIM structures on a smooth
excitation probability and the radiative and nonradiative re-Substrate is also exponential. Two brightness decay sections
laxation of the luminescence centers per unit time. Since adith different decay constants are observed in an MISIM
t,=300 s 1/Tg(vm)~1/7.3 (V,), the difference of the de- Structure ona roug_h substrate; for an MISLM structure there
pendences (V) att,=1—300us (Fig. 4, according to are two decay sections for poth smooth and rough substrates_.
Eq. (12), givesa(V,,). These results can be explained by the presence of a nonuni-
The curvesx(V,,) (Fig. 6) obtained by this method from form electric field in an MISIM structure on a rough sub-
the experimental datéFig. 4) differ substantially for MISIM  Strate and for an MISLM structure on both types of sub-
and MISLM structures. For an MISIM structure on smooth Strates by the formation of Mi pair luminescence centers

and rough substrates these dependences can be approximdi@gether with sipgle centers. _
The theoretical dependences of the brightness growth

and decay constants on the rise times and the amplide
of the linearly rising exciting voltage pulse were obtained for
ZnS-based El structures with impact excitation of single
Mn2* luminescence centers. These dependences are con-
firmed by the experimental dependenegéV,,ty). The ob-
tained dependences make it possible to determine a variety
of parameters characterizing the electroluminescence pro-
cess: the lifetime of excited luminescence centers, the exci-
tation and relaxation probabilities of the excited lumines-

7 cence centers per unit time, and the impact excitation cross
/ / 4 section of the luminescence centers and their dependences on
-—‘._‘/

2 V., andt,,.
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FIG. 5. o versusV,,: a — for an MISIM structureb — for an MISLM
structure;1 — on a rough substrat& — on a smooth substrate.
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4.00E+4

0.00E+0 ! ! L I Specifically, the brightness growth constant increases
60 70 760 200 240 substantially with the rise time of the exciting voltage pulse
,V ) P ; .
m and decreases very little with increasing amplitude of the
FIG. 6. a versusV,,: 1,2— for an MISIM structure3,4— foran MisLM  Pulse. The lifetime of the excited luminescence centers and

structure;1,3— on a rough substraté,4 — on a smooth substrate. the transition probability of the luminescence centers into an
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unexcited state per unit time do not dependtgnin the face is due to, besides optical effects giving rise to an in-

entire experimental range tf, (1-300us) for MISIM struc-  crease in the radiation yield from the structren increase

tures on a smooth substrate, figy~1-50 us for MISLM in the excitation probabilityp of the luminescence centers

structures on a smooth substrate, andtfge 1-100us for  per unit time. The latter can be explained both by an increase

MISLM structures on a rough substrate. in the impact excitation cross sectionof these centers and
The impact excitation cross sections of luminescencéy intensification of the electric field, giving rise to this

centers for MISIM structures increase whfy, in accordance growth, in the EL layer in local sections corresponding to

with the relationo~ D (expkV,)/V,, for both a structure on a microasperities of the substrate surface. The probability 1/

smooth substrate and for a structure on a rough substrate bot a transition of the luminescence centers from an excited

with different values of the coefficienf3 andk. The values into an unexcited state per unit time also increases but much

of ¢ for a structure on a rough substrate are 1.6—2.3 timemore weakly than.

higher than the values af for a structure on a smooth sub- The results obtained can be used to control the param-

strate at the same voltages. For all experimental EL struceters of film EL structures and to optimize excitation re-

tures the lifetime of the excited luminescence centers degimes. The procedure proposed for determining the param-

creases slightly according to an essentially linear law; theesters and characteristics of prebreakdown electro-

transition probability of luminescence centers into an unexfuminescence can be used to investigate similar structures

cited state per unit time increases slightly with,, likewise  based on other electroluminescent materials.

essentially linearly, and these dependences become stronger

for structures on rough substrates. The excitation probabili- )

ties a of luminescence centers per unit time for MISIM 'I. K. Vereshchagin(Ed), Electroluminescent Light SourgeBnergoat-

structures depend exponentially on the amplitifigof the 2l(\)lrml?.dgtilr'i\ﬁozﬁgwé.l\?ﬁ?éabitov, Zh. Tekh. Fig9(2), 58 (1999 [Tech.

exciting pulse, while for MISLM structures the dependence ppys 44 184 (1999,

is linear, the weakening of the indicated dependence in thén. T. Gurin, O. Yu. Sabitov, and I. Yu. Brigadnov, Pis'ma Zh. Tekh. Fiz.

latter case being due to a decrease in the specific capacitan¢@3(19), 7 (1997 [Tech. Phys. Leti23(8), 577 (1997].

of the composite iquid insltor layer with ncreasing ap- .\ - Syt 79 - Y S0tes 2 1k Spktoge sortcen,

plied voltage. On switching from a smooth to a rough sub- [tech. phys. Lett23, 775(1997)].

strate the values ofr increase substantially. This is ex- °N. T. Gurin and O. Yu. Sabitov, Zh. Tekh. Fi89(2), 64 (1999 [Tech.

plained by the appearan¢tr MISIM structure on a rough ~_Phys.44, 190(1999]. o

substratg and intensification(for the MISLM structure on a I['S\g?,'_ ?2%,‘;‘?’2?&2‘_ ”.‘_’eﬁ'ﬁ&'l%”g'lﬁgggfh' el FIB(23), TLA9%0

rough substrageof a nonuniform electric field. It follows | vy, Grigadnov, N. T. Gurin, and E. B. Ryabinov, Zh. Prikl. Spektrosk.

from the results presented above that the increase in the ef59, 175(1993.

ficiency (brightness, light output, and so oaf electrolumi-  °N- A. Viasenko, Yu. V. Kopytko, and V. S. Pekar, Phys. Status S@lidi

nescence in MISIM and MISLM structures on switching 661 (1984.

from smooth substrates to substrates with a rough inner sufranslated by M. E. Alferieff
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Gunn diodes(GDs) are widely used as quite efficient stabilization time do not exceed the domain formation time,
microwave generators in the range from one to hundreds afhich can be estimated ‘as
GHz. The current oscillations of a GD in a nonresonant 5
wide-band circuit consist of a periodic sequence of short  t;=—/Le/8mqny(E,—E,),
pulses whose durations and amplitudes can be tens of pico-
seconds and several amperes, respectively. The repetitiavherel is the diode lengthg is the permittivity of the GD
frequency, amplitude, and duration of the pulses depend relanaterial, . is the carrier mobility,q is the electron charge,
tively weakly on the magnitude and character of the loadhg is the carrier densityE, is the threshold field (3.2
(within certain limit9, i.e., a pulsed GD generator is a mi- X 10° V/m in GaAs, andE, is the residual field in a sample
crowave current generator. Appropriate modifications of thevith a domain. For estimation it can be assumed tBat
GD and the electrodynamic system make possible externat Ei/2.
information signal synchronization and control regimes.  For the GD used in the present wdtke parameters are
These properties make it possible to use GDs as fast contra@iven below the formation time(the duration of a current
ling components in functional devices in microelectroriés, PUIS8 is t;~15 ps. The transient time increasest§o? If a
specifically, for modulation of semiconductor injection lasersresistive loadR, is connected in series with the diode,
(ILs). _+ 11p B,

Efficient modulation of ILs is difficult because such la- R tf_ 1+RRo. ] .
sers are a low-resistance nonlinear load with a reactive conf?heréRo is the weak-signal resistance of the GD.
ponent. Since the impedance of an IL depends on the signal Thus the duration of transient processes is minimal if the

frequency and amplitudkit is very difficult to phase-match load resistance is smaller than the GD resistance. Likewise,
the laser with the pump source in a wide band. The rea;he internal resistance of the power source for the GD should

response time of an IL is also limited by optoelectronic re-be S_Fna"' h ; ‘ ) Hiciently the IL
laxation oscillations, which arise in the laser structure itself 0 use he current generalor regime etliciently the

or, in the general case, in the IL—control circuit system. Para§hou|d he connected directly into the GD circuit with no

sitic oscillations can be suppressed or attenuated by usingd'vIders or phase-matching components. The figure of merit

GD in the current generator mode to modulate the IL. Theoa} the GD is

low impedance of an IL is favorable for stable operation of n=906lll,=(1,—1)/,,

the Gr?' lat ‘ . L . . wherel, is the thresholdmaximun) current of the GD and
T e modulation of an IL in a QD circuit was investi- I, is the residualminimum) current.

gated in Refs. 4-6. In these experiments the current charac- |; is theoretically possible to obtai~0.6 in a GaAs

teristics of the GD and IL were not phase-matched. The lagigge. The experimental values age=0.3—0.5. The quan-

sers were actually controlled by voltage through a passiv%ty sl determines the modulation amplitude of the IL pump
dividing circuit. Since suboptimal modulation regimes Werec  rrent. The maximum degree of modulation of the radiation
used, strong relaxation was observed in the output radiétionis achieved when the minimum GD currdntequals the IL

In the present paper we investigate the modulation of afnreshold currenty,. Then a GD phase-matched with the
IL by short and step current pulses of a Gunn diode in th@aser permits pumping the IL with current pulses with ampli-
current generator mode in the control circuit. The results otude up to 2,.
the modulation of the IL by pulses from a voltage generator  |n our experiments we investigated serially produced ILs
are also presented. based on a double heterostructure with a strip contact, spe-

Microwave stabilization of the current in the load circuit cifically, a V-grooved and buried channel type. The typical
of a GD is accomplished by rapid restructuring of the electridaser characteristics were as follows: threshold current 40—-50
domains in the GD sample as a result of a change in a circuihA, maximum power up to 10 mW at 90-100 mA, and
parameter: the load resistance, the supply voltage, and othecommended operational powes mW at 70 mA. The ra-
ers. The restructuring time and, correspondingly, the currendiation wavelengths were 0.85 and 1usn. With standard

1063-7842/99/44(5)/4/$15.00 544 © 1999 American Institute of Physics
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FIG. 1. Measurement circuit. Explanations are given in the text.
FIG. 3. Top trace — modulation curreii23 mA/div), bottom trace —

photodiode respons®0 mV/div).
power supplies and pulsed modulation of these lasers self-

excited relaxation oscillations with different degrees of
Sharpness were observed in the radiation. was ~0.5 um, which prOVidEd heat removal and prOteCtEd

The modulation scheme investigatégig. 1) contains the GD surface from breakdown by the domain electric field.
the following components: GD — Gunn diode, IL — injec- The GD contacts were made by annealing an Au—-Ge eutectic

tion laser, a charging circu€1R1 for regulating the voltage deposited on the end faces of the crystals using a technology
on the GD,R2 — load resistor for monitoring the modula- similar to Ref. 7. The typlcal dimensions of the GD Crystal
tion current, a resistoR3 — a circuit for supplying a con- Wwere 100<80x20 um (lengthxwidthXthickness; the
stant bias V0|tage to the laséth — photodetector, an8 — threshold V0|tage of the GD was 30 V and the threshold
dual-trace oscilloscope. The electrodynamic system of th&urrent ~100 mA. Figure 2 shows an oscillogram of the
mockup of the modulator is formed by a coplanar line, incurrent oscillations for a 3G38 diode used for modulating the
whose break a controlling GD and a laser diode are conlL. The oscillogram was obtained in an electrodynamic test
nected in series. The system components are arranged orf¥stem with the diode biased by pulses from a transistor
22KhS ceramic substrate. An L-2391 pulse generdsor Shaper with an-8() output resistance.
shaper based on a long line with a mercury switetth a 50 The modulation oscillograms in the current generator
Q output resistance was used as a source of the bias for tfBode in the current-phase-matched GD-IL pair are pre-
GD-IL circuit. The output radiation of the IL was detected sented in Figs. 3-5. A 3G38 Gunn diod&y 2401,
with an LFD-2 avalanche photodiode. Signals from the conthreshold voltage 30 Vin the transit mode of 910 MHz
trol resistorR2 and from the photodiode loa@0 Q) were  Oscillations generated pulses with,=96 mA and I,
observed on an S1-70 Samp"ng Osci”()scope_ =52 mA. The observed current-pulseduration waB.1 ns
Phase-matching of the current characteristics of the GOFig. 2. The N29 injection laser N=0.85um) had a
and IL was accomplished by choosing appropriate dimenthreshold currenty=48 mA and a recommended working
sions(length, cross sectigrof the crystals used for the GD Power of 5 mW at 67 mA. When the current was increased to
fabrication. The active resistance of a forward-biased IL wa$6 MA, the output power showed a tendency to saturate at 9
R~5-10 Q. The weak-signal resistance of the GD wasMW. The degree of modulation of the radiation and the load
200-2500), so thatR,/R,=20. The diodes possessed a pla-0n the GD were changed by regulating the constant bias on
nar construction with Ohmic end-face contacts preparedhe IL. For zero and positivéFig. 3) biases the output radia-
from epitaxial GaAs with densitp,=2x10%* m® and mo-  tion contains a constant component and the degree of modu-
bility ©~0.63 nf/V-s. The samples were glued to the sur- lation of the radiation is less than 1. The duration of the
face of the epitaxial layer on silicon substrates with contact§urrent pulses and the degree of modulation of the GD cur-

for connection to the modulator circuit. The gluing thicknessrent are virtually independent of the bias on the IL. Thus the
effect of the load is negligible in these cases. To achieve

FIG. 2. Test oscillogram of a modulating Gunn digdg mA/div along the
ordinate, 0.5 ns/div swegp FIG. 4. Same as in Fig. 3. Sweep 1 ns/div.
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FIG. 5. Same as Fig. 3.

FIG. 6. Top trace — IL pump currertf0 mA/div), bottom trace — photo-
diode responsé50 mV/div). Sweep 0.5 ns/div.
100% modulation a voltage in the blocking direction was fed

to the bias circuit of the IL. This compensated the excess of
the minimum current of the GD above the threshold current  An important practical problem is obtaining stepped op-
of the IL. The resistance of the IL and, correspondingly, thetical pulses. Such pulses are used, for example, for investi-
load for the GD increased in the process. This was reflectedating the transient characteristics of photodetectors. Modu-
in the shape of the current pulses: Their duration and amplilation by a current step was investigated in the current
tude increased somewh@igs. 4 and & generator regime in a phase-matched GD-IL circuit. The
The results of these experiments show that the currenturrent step was obtained by cutting off GD generation after
generator regime with modulation of the IL in the GD circuit several regular cycles at the moment of arrival of a domain at
was satisfactorily effectuated in the entire experimentathe anode. AC1R1 circuit connected in series with the GD
range of biases on the IL. The bias was regulated froth ~ was used for cutoff; as the capacitor charged up, the voltage
(IL current 15 mA up to the blocking voltage-5V at the  on the GD decreased to a level somewhat below threshold.
input of the bias circuiR3. There were no relaxation oscil- The maximum current hardly changed, since the current—
lations in the radiation from the IL. The form of the IL ra- voltage characteristic of the GD saturates in the
diation corresponded to that of the modulation current. Thesubthreshold-voltage range. Modulation with a current-drop
second harmonic in the output radiation is sharper becaus#epdl was used to peak the leading edge of the optical pulse
the slope of the current—power characteristic of the IL isused to switch onthe IL. It was determined that the duration
larger at low currents. The observed durations of the opticabf the leading edge of the inherent optical switch-on pulse is
pulses are~0.2 ns(rise time/fall time~0.2 ns). We shall itself determined mainly by the parameters of the IL struc-
estimate the real pulse duratiertaking into account the rise ture. For the lasers investigated this wa8.5 ns. For modu-
time of the transient characteristiime constantof the pho-  lation by a current step the observed duration of the leading
todetection system. For the estimate we employ Elmor'sedge of the optical drop is-0.2 ns(Fig. 8). The observed
equation(the “square root of the sum of squares rufg’s  optical signal is actually a transient characteristic of the pho-
= \/;0_2_7'2)__75, wherer, is the observed duration, is the  todetecting system, since the duration of the leading edge of
time constant of the photodiode, amgis the time constant the pulse is essentially equal to the time constant of the pho-
of the oscilloscope. According to the specification sheet otodetecting system~0.18 ns). The true duration of the
the S1-72 oscilloscope,~0.1 ns. For an LFD-2 photodiode leading edge of the drop is estimated to be no greater than
a reasonable lower estimatesig=0.15 ns. Then we obtain 0.07 ns.
for the real pulse duration<0.07 ns. The results of the present work confirm that the use of
The regime of modulation by voltage pulses is displayedGunn controlling components in integrated optoelectronic
in Figs. 6 and 7. In this regime a more powerful GD with
threshold current 1.6 A andl=0.7 A was used. The re-
quired pump current was fed to the IL through a resistive

o e e OO 0 R S SR 5
divider. In the simplest the IL hunted by the load
rtle\gis(tae:ncr:aRLeofltmhg eGSDCc&:Ii?c(:auit,erang\;l\ilrzli; fsrol:: (19 to ):152e > .i-.z.‘-...
The voltage generator regime obtained, sifRGe<R;, and ..'ﬂ.‘i:i‘!
B

the current througtir, was stabilized by the Gunn diode. It
was determined that when relaxations are excited in the out-
put radiation of the laser, oscillations are also observed in the
pump current(Fig. 6). There is no relaxation in the voltage
pulse on the GD load or on the IR3 circuit (Fig. 7). Since
there are no reactive elements in the current dividing circuit,
relaxation is caused by internal processes in thé\\le note

that some |3-39r5 h?-d no relaxation ringing in any of the;g. 7. Top trace — voltage on (1.2 V/div), bottom trace — IL current
modulation regimes investigated. (180 mA/div).
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optical transmitters for measuring the characteristic
(parasitic-fre¢ response time of ILs. A phase-matched
IL—GD pair can be used as a basis for building test optical-
signal generators: stepped pulgasgative or positive step
and single pulses or series of short pulses with 10 ps rise/fall
time. The pulse repetition frequency can reach tens of giga-
hertz with high stability.
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The results of experimental investigations of gallium arsenide single crystals with the
orientations(100), (31DA, (211A, (111DA, and (221A are presented. The crystals were doped
with silicon ions on the lolla-3M setufion energy 75 keV, ion beam densitydA/cm?,
implantation dose 1.210° cm™?) at room temperature and annealed on the Impul’'s-5 setup at
950 °C. Raman scattering and low-temperature photoluminescence methods established
that the highest electrical activity of the implanted silicon under identical implantation and
annealing conditions obtains f6£00 and (311)A gallium arsenide. In the processtype layers
are produced. ©€1999 American Institute of PhysidsS51063-784199)01305-7

INTRODUCTION The crystals were cut from the same ingot. Before ion im-

lon doping of semi-insulating GaAs with Si ions is now plantation the damage_d layer was rgmoved from the sub-
strate surface by etching for 2 min in a 5:1:1 solution of

one of the principal technological methods for producing the R ;
working regions oih-type microwave transistors and fast in- HZSO“". Hz0, a'n.d |-&C_)z at temperature 60-70°C. The im-
tegrated circuitd.Nonetheless, at present the physicochemiplamatIon of silicon ions was pgrformed on the lolla-3M
cal processes occurring here are not understood precisel etup at room tgmperaturezwnh lon ener@f 75 keV and
This is due to the complexity of the behavior of amphoteric on beag" d?r;s'ty J,uA_/cm - The |mplante_1t|on dose was
Si impurity in gallium arsenide. Silicon can replace both Ga_l‘2>< 1d cm = Annealing was perfo_rmed in a pulsed h(?at-
(ntype) and As (p-type), depending on the method used to ing regime, v(x)/lthout protective coapngs, on the Impul's-5
grow GaAs and on the doping of GaAthe compensation of setup at 950 °C.The temperature—time Eeglme was as fol-
the substratéthe presence of internal mechanical stresses "llows. A plate was hgld for 2 m|£1 at 200 C’. after which the
the substraté,the annealing condition'sand other factors. temperature was raised to 950°C in 0.5 min. Then the tem-
The effect of the GaAs substrate orientation on the charad2€rature was decreased to room temperature in 4 min.

teristic features of silicon implantation in a GaAs lattice has_l__;gg KRaman scatt;erlng s%ectra Dv;/:esre52meastjred tat
been investigated in a number of wotksusing different  _ on an apparatus based on a ~2< Spectrometer.

deposition technologies. Photoluminescerifd) methods _The PL spectr_a were recorded at 4'2. K. The Raman Sc‘mer'
have showh that the homoepitaxial films obtained by ing and PL signals were detected in the photon-counting

molecular-beam epitaxyMBE) on (211), (221), and (311 mo+de using+cooled %13_6 and FEJ-62 photomultipliers.
GaAs substrates were of much higher quality than those oﬁ‘r and Kr" laser radiation X =514.5 and 647.1 nm, re-

the conventional100) and (111) planes. We note that the specti_v elywas used to excite the spectr.a. An "in reflleqion”
literature contains virtually no information about the effect experimental geometry was chosen with angle of incidence

of the crystallographic orientation of the GaAs substrate orf:IOSe to the.Brewster angle. Polarization analysis of the sgat-
the characteristics of the Si-ion implanted layers. Therefore i{ered radlal_tllon was not performed: The spectral resolution
was of interest to investigate the characteristic features of th as 1.5 cm” for the Raman scattering and 0.1 MeV _for the_
formation of doped GaAs layers implanted with silicon ions L spectra. The peak_s of the RS bands were determined with
in various crystallographic planes. an accuracy of 0.2 .

In the present work we used contact-free nondestructive
optical methods of Raman scatterinRS) and low- RESULTS AND DISCUSSION
temperature photoluminescence to study structural disorder-

. R : Raman scattering investigation of the structuréisis
ing processes, accompanying ion implantation and subse- . o

; . Lo well known that two bands, due to scattering by longitudinal
quent annealing, and the electrical activation of the dopant

(LO) and transverseT(O) optical phonons, can appear in
the first-order Raman scattering spectrum. According to the
selection rules, depending on the crystallographic orienta-
GaAs (AGChP-5 single crystals with(100), (31DA, tion, scattering byL O phonons((111) plane, TO phonons
(21DA, (11DA, and (221A orientations were investigated. ((110 plane, and LO and TO phonons((111) plane can

EXPERIMENTAL PROCEDURE

1063-7842/99/44(5)/5/$15.00 548 © 1999 American Institute of Physics
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FIG. 1. Intensity ratios of the O andTO phonon peaks versus the rotation

anglee of semi-insulating GaAs samples with different orientations around'G- 2. Half-widthsI" of the LO peaks(a) andTO peaks(b) of the initial
the normal to the given crystallographic plane. (1) and implanted and then anneal@)l samples for the investigated orien-

tations with excitation of RS by =514.5 nm radiation3 — excitation by
N=647.1 nm radiation.

occur in the experimental geometry employethe form of

the Raman scattering spectrum for other planes is not clearthe minimum redistribution was observed for ttiel1) ori-
priori. It can only be expected thdatO and TO phonon entation. This can be explained by the fact that for scattering
bands with different intensity ratios can appear. It is also notn the (111) plane the selection rules allow both peaks, while
clear how implantation will change the Raman scatteringor the (100 plane only the.O phonon peak is allowed. The
spectrum in these cases. It should be noted that the GaA811), (211), and(221) planes fall between these two cases.

surface manifests polarity with not only th&11) but also In what follows we shall consider the effect of Sion
the (211), (311), (511), and so on orientations, the degree ofimplantation in GaAs with various crystallographic orienta-
polarity decreasing with increasing first index. tions on the RS spectra. When the RS spectra of implanted

The spectra of the initial samples contained intense symGaAs are excited withh =647.1 nm radiation, the broaden-
metric peaks with half-widths=3.5 cm ! at the frequencies ing of theLO andTO peaks and their frequency position as
291.5+0.2 and 267.% 0.3 cmi 1. This corresponded to scat- compared with the initial GaAs remain virtually unchanged
tering byLO andTO phonons at the center of the Brillouin for all experimental samples. This shows that the implanted
zone. The intensity ratios of the peaks in the spectra of theegion in the semiconductor lies at a depth that is much
experimental samples were different. Figure 1 shows the insmaller than the penetration depth of the probe radiation, and
tensity ratio of the O and T O phonon peaks as a function of its contribution to the scattering cross section for a given
the rotation angle of the samples around the normal to avavelength is small.
given crystallographic plane. THEO phonon peak was not When the Raman scattering is excited by radiation with
present in the RS spectrum of thi@00) sample. For this a shorter wavelength =514.5 nm, the relative intensity of
reason the intensity was normalized to the intensity of theéhe LO peakin the spectra is observed to decrease. This de-
L O peak with zero rotation angle of the sample. We note thatrease is characteristic for all experimental samples. More-
rotation in this case is equivalent to rotation of the electricover, the widths of the.O and TO peaks increase and the
field vectorE of the exciting radiation. The frequencies and peaks shift in the high-frequency direction. The frequency
half-widths of the peaks remained unchanged when thehift and broadening were greater for th® peaks. Thus the
sample was rotated. As one can see from Fig. 1, the maxfrequencies of th& O (TO) phonon peaks increased by 0.3
mum redistribution of the intensities of theO and TO (0.2 cm™? for (100), (311), and (211) orientations and by
peaks was observed in the spectra of (&l samples, and 0.6 (0.3) cm™* for (111). Figure 2 shows the half-widths of
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the LO and TO peaks of the initial and implanted samples
for the orientations investigated. As one can see from Fig. 2,
the half-width of the peak was maximum=6.5 cm) for the
(100 orientation and decreased with increasing polarity of
the plane.

To analyze the RS spectra of implanted samples it is
necessary to take into account the nonuniform depth distri-

bution of the implanted ions. This distribution can be de- (211)

scribed in practice by two parameters: the average projected

rangeR, of the ions and the standard deviatiaiR,, of this

range. Moreover, these parameters must be compared with ol (1)

the depthd=1/2« of the layer probed by the radiation. This S

depth is determined by the wavelength of the exciting radia- g

tion because the value of the absorption coefficiefXt) is 3 (221)‘//\/\
different. For GaAs with Raman scattering excited by wave-

lengths\;=514.5 nm anch =647.1 nmd=100 and 300 nm,
respectively’® For implantation of Siions with energyE

=75 keV in GaAsR,=61 andAR,=36 nm in the amor-
phous modet! Therefore in our case fox=514.5 nm the
RS spectrum isdirectly determined by the implanted layer (311)
(d=R,+AR;), and forA=647.1 nm it is also determined
by the unimplanted layer of semi-insulating GaAd~(R,

+AR,).

T?]e observed change in the half-widths of the peaks for (100)
various orientations under excitation by 514 nm radiation , | ,
could attest either to a different depth of the implanted re- 1.3 1.4 1.5
gion in the samples or a different electron density in the hv,ev

region probed by the Iasgr rad|§1t|on_ This could be due_ t%G_ 3. PL spectra of semi-insulating GaAs samples with various orienta-
different degrees of electrical activation or self-compensatioRons. The spectra were measuredrat4.2 K.

of the implanted impurity.

It is known that at least three factors can cause broaden-
ing of the peaks: an increase in the defect derlSiy,non-  recombination with the participation of carbdrand is char-
uniform distribution of the dopant and elastic stresses oveacteristic for the PL spectra of GaAs, since carbon is one of
the depth of the probed layBrand the interaction o£O  the most common background impurities in gallium ars-
phonons with the plasma oscillations of the free carriers. Thenide. A band witthv=1.45 eV also appears in the spectra
first two factors contribute to the broadening of theof all samples. This band is probably due to radiative recom-
TO-phonon line. Apparently, two competing mechanismsbination corresponding to transitions includingSi (Sixs—
operate in our case. The first one is due to disordering anl 55, Sixs—Ga).*>!® A wide band due to radiative recombi-
the second one is due to the interactiorL@ phonons with  nation with the participation of complex defect complexes,
free carriers. The fact that after implantation the half-widthsincluding V,s (=1.405 eV}, is observed in the PL spectté.
of the LO phonon peaks are greater than those of i@ A band withhy=1.35 eV was also observed in the PL spec-
phonon peaks confirms the influence of the second mechdra of the experimental samples. This band most likely is of a
nism. Moreover, the increase in the half-width of th® donor—acceptor nature and is due to an uncontrollable back-
peak, the high-frequency asymmetry of this peak, and thground impurity — copper, which is embedded in the gal-
decrease in its intensity could attest to an increase in thbum sublattice Cy,.'® The PL spectra of the implanted
electron density in the samples. Therefore it can be inferrel00 and (311) samples contain a wide band withy
that the highest electrical activation of the implanted Si im-=1.27 eV. We shall consider it in greater detail. In the lit-
purity under given implantation and annealing conditions ob-erature thehy=1.27 eV band is attributed to the formation
tains for the(100) and (311) planes. of a large number of complicated defects which are due to a

Low-temperature PL investigation of the structurédée  change in the charge composition of the atoms?(@Aas?~
shall now consider the results obtained by PTat4.2 K for  or G&/As®) or cluster defects’ However, in Ref. 20, where
(100, (31DA, (21DA, (11DA, and (22)A GaAs samples n-type Czochralski gallium arsenide doped with Si up to
implanted with St ions and then annealed. The PL spectra=10' cm™ 2 was investigated, the 1.27 eV band is attributed
of the initial and implanted samples are presented in Figs. 8 radiative transitions with the participation ofggi The
and 4, respectively. A complicatedband due to the photoluhv=1.27 eV band was not observed in the PL spectra of the
minescence of excitons bound on donors and acceptors apnimplanted samples with any of the orientations that we
pears in the spectra of all experimental samples in the regiostudied.
of the edge radiatioii1.510—1.518 eY*3 The most intense We note that the spectra of the initial samples of semi-
band is the=1.49 eV band. This band is due to radiative insulating GaAs(Fig. 3) with the orientations investigated
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tion with the participation of arsenic vacancies. This con-
firms our conjecture that after implantation followed by
annealing silicon occupies sites in the gallium sublattice.
This is indicated more clearly by analysis of the PL spectra
of (100 and(311) implanted samples, where a wide band at
1.27 eV, due to transitions with the participation of;Si
appears after implantation. The absence of this band in the
spectra of implanted and annealed samples with other orien-
tations could attest to the fact that silicon is poorly incorpo-
rated into the gallium sublattice or the implanted atoms lie
outside the layer producing the PL signal. We believe that
the former is more likely, since no differences from the ini-
tial spectra are observed in the Raman scattering spectra of
the implanted samples excited with=647.1 nm radiation.

?

(221)

( 111)/\A/\
}@—/\]\
31)

I, arb. units

=

CONCLUSIONS

¢

2
The experimental RS and PL data presented above show
that the processes leading to defect formation accompanying
( implantation of Si in gallium arsenide with different crystal-

lographic orientations followed by pulsed photon annealing

differ substantially. This is evidently due to the difference in

the mechanisms leading to the formation of the primary dis-
700) ordering tracks during the implantation process and to incor-

(
12 1.{3 1'4 f5 poration of the dopant by annealing. Moreover, it was shown

kv, ev ' that the degree of electrical activation of the impurity under
identical implantation and annealing conditions is highest for
FIG. 4. Same as Fig. 3 but the samples were implanted withi@s  the (100 and(311) orientations. The greatest broadening of
followed by photon annealing. the peak at thé& O-phonon frequency and its high-frequency
asymmetry were observed in the RS spectra of implanted and

show negligible differences in intensity and energy position@nealed samples for these orientationshA=1.27 eV
(2—3 meV of the PL bands. We believe that this is due toband, due to radiative transitions with the participation of Si,

the nonuniformity of the ingot and the polarization propertiesV@S observed in the PL spectra in addition to an excitonic

of the radiative centers. peak, indicating that the disruptions of the crystal structure
Comparative analysis of the PL spectra of the initial and®f the samples are negligible.

implanted samples showed that implantation followed by an- !N closing, we wish to thank G. G. Tarasov and G. A.

nealing of samples with all orientations studied does nof<rysov for helpful remarks and a discussion of the results

greatly disrupt the structure of the GaAs crystal lattice. ThisoPtained in this work.

is indicated by the presence of an excitonic band which is

known to be very sensitive to the structural perfection of the'pDeceased.
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A procedure is briefly described for investigating the temporal and spectral characteristics of a
soft x-ray detector in the range of photon energies from a few tenths of an electron-volt

to more than a thousand electron-volts. The measured charactefstjoal rise time, time
resolution, and absolute responsiyigre given, along with parametefthicknesses of

the contact layer, dead layer, and sensitive [agetermined from the measurement results for
certain commercial brands of fast silicpri—n photodiodes from various manufacturers
(Siemens, Hamamatsu, Motorola, and NIlIT/Mosgpwhich can be used in x-ray plasma
diagnostic apparatus with a time resolution of 1 ns or better.1999 American Institute

of Physics[S1063-784099)01405-1

INTRODUCTION particular photodiode. The thickness of théayer can be
very accurately estimated from the experimentally measured
Starting in the 1970s, silicop—i—n photodiodes have risetime of the photodiode sigrigiroduced in response to an
played an active part in the time-resolved detection of radia'mput lasef or x-ray® & pulse (0.2 n3.
tion from a short-lived plasma in the soft x-ray range of the  The spectral characteristics of silicpri—n photodiodes
spectrum (40eVhr<6000eV)! Many experimental pa- in the soft x-ray(SXR) range depend mainly on the energy
pers have been published in the interim, reporting the utilisf glectron—hole pair production in silicon, the transmission
zation of photoglodes specially developed for the soft x-ray,t soft x rays by the metal contact layer on the surface of the
spectral range* as well as photodiodes designed for the o, dinde and the silicon “dead layer,” and the absorption
visible range of the spectrufif. The widespread practical ¢ aqiation in the sensitiveregion of the semiconductor. A

application of siliconp—i—n photodiodes has come about by simple two-thickness model of the-i—n photodiod@7~%is

virtue of several properties that set them apart in a favorablﬁsed in conjunction with data on the absorption coefficients

light from other semiconductor detectors. Among such Prop e x-ray range of the spectrufRef. 11, Sec. Bto calcu-

erties are high time resolution, good responsivity in the sof{ate the responsivity in this case. T.he ,eneréy of electron—

)S(:Sz: :Spe:tg?:);gr;%i;?rr;ggepZﬁ;o?;T;g/;; E;lvsigsflasm%ole pair production energy in silicon has the same well-
' ' : known value of 3.640.03eV (Ref. 9 for all silicon

To correctly interpret the results of pulsed plasma inves- . .
tigations, it is necessary to know the spectral and temporeﬁhOtOd'OdeS' The thicknesses of the contact and dead layers

Fan be determined from the experimentally measured abso-

characteristics of the photodiodes in the soft x-ray spectrﬂ . ! =
range. The temporal characteristics dictate the capabilities \"t? responsivity of the photodiode at |nd!V|duaI spectral
points of the soft x-ray range. Once the thicknesses of the

photodiodes in transmitting the temporal fine structure o ; >~
radiation emitted by a pulsed sour@g., Z-pinch and laser- absorbing layers are known, the spectral responsivity of the

produced plasmain the form of output current pulse pro- photodiode can then be calculated over the entire soft x-ray
files. The spectral characteristics dictate the possibilities ofange of photon energies.

using photodiodes forabsolute soft x-ray photometry of a  Generally speaking, the absolute spectrally selective
pulsed plasma. calibration of any x-ray photodiode can be achieved by

Fastp—i—n photodiode diodes must have a sufficiently Means of a primary standard detecttr'* Moreover, tech-
thin intrinsic conductivityi layer, small area of the active hiques are known for the absolute calibration of photodiodes
zone, and low resistance and capacitance of tager? Itis ~ using a primary radiation standafe.g., synchronous radia-
a well-known fact that the resistance and capacitance of théon; Ref. 10 or by the self-calibration method using a syn-
i layer can be significantly reduced by applying a bias volt-chronous radiation sourcé.The most reliable and accurate
age to the photodiode to generate an internal electric fieléwithin <1% error limitg spectrally selective calibration
exceeding 1HV/cm in the structure. The thickness of the measurements are performed nowadays using a synchronous
i layer, together with the area of the active zone, remaingadiation source in conjunction with a cryogenic bolometer
essentially the only factor that governs the response of &unctioning as a primary standatlin the calibration of fast

1063-7842/99/44(5)/5/$15.00 553 © 1999 American Institute of Physics
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p—i—n photodiodes, however, the use of a synchronous ratime resolution in the visible range of the spectrum are also
diation source is hampered by the small area of such photavailable for the BPX65, MRD510, and S4753 photodiodes
diodes in comparison with the width of the photon beam andthe S4753 has the best time resolution, approximately
by the unacceptably low signal-to-noise ratio at the output 00.7 ns, in the visible rangeThe gold contact layer on the
the p—i—n photodiode. A practical solution is to measure thesurface of these photodiodes had a thickness of several tens
absolute responsivityop—i—n photodiodes by means of a of angstroms. We also know that the SPPD11-04 photodiode
high-intensity pulsede.g., laser-plasmasoft x-ray source in  has an aluminum contact layer of thickness less thamm1
combination with a primary standard detectdt? on its working surface, the thickness of the dead layer is less
The objective of the present study is to investigate thehan 0.3um, and the thickness of the sensitive zone is less
temporal and spectral characteristicspefi—n photodiodes, than goum.
which hold considerable promise from the standpoint of the  goft x-ray detectors were assembled from the photo-
diagnostics of short-lived, high-density plasmas in the SOfbiodes. This was done by placing each photodiode in a stain-
x-ray range of the spectrum. The measurement procedure f§ss steel casing and soldering its lead to a coaxial fifty-ohm
described, and results are given from measurements of t tput. The soft x-ray absorbing glass windows were first
temporal characteristics of four brands of photodiodes fromamoved from the BPX65, MRD510, and S4753 photo-

different manufacturers: the SPPD11-04 from NINT yinqes The input windows of the detectors were coated with
(Scientific-Research Institute of Measuring Technology , fine nickel mesh with 67% transmission to suppress elec-

Moscow), the Motorola MRDS510, The Siemens BPX65, anOItromagnetic strays generated on the photodiodes by the for-

the Hamamatsu 84753.‘ We give a brief descr|p_t|o_n of t.h‘?nation of the laser plasma on the target. All the detectors
procedure and summarize the results of systematic investiga- . .
ere placed in the vacuum chamber at a distance of 10cm

tions ofthe spectral characteristics of the SPPD11-04 anﬁ/

MRD510 silicon photodiodes, which we have used for sev- om the.target. . .
! ) ; The input windows of the detector were covered with
eral years in experiments on various pulsed plasm

objects!®~2! We have also determined the spectral param‘:il”te_rS _to separate out the required soft x-ray intgrval from the
eters of the BPX65 and S4753 photodiodes. emission spectrl_Jm of the Iaser_ plasma while smultanepusly
preventing the pickup of stray visible and vacuum-ultraviolet
(VUV) radiation from the plasma. The filters were thin metal
MEASUREMENTS OF THE TEMPORAL CHARACTERISTICS films resting freely on the fine meshs. Three types of filters
OF PHOTODIODES were used in our work to separate the radiation in three dif-

We have determined the temporal characteristics O;ergnt sp_ectral m_tervals: a copper film of thlck_ness ;.“ .
a silver film of thickness 0.2&m, and an aluminum film of

p—i—n photodiodes from the measured responses of the phg-

todiodes to soft x rays from a laser plasma generated bgickness 0.22m. All the filters were prepared and tested at

focusing short laser pulses onto a copper target contained e A. F. loffe Physicotechnical Institutéhe transmission of

a vacuum chamber. The measurements were performed ontle filters at a number of spectral points was measured on an

laser research facility built at the Institute of Analytical In- RSM-500 spectrometer with an x-ray tbé&he spectral

strumentation of the Russian Academy of Sciences, St pdransmission characteristics of the filters were calculated
tersburg " 77 from test data on the thickness of the metal films and pub-

The laser pulses were generated by the successive twiished data on the absorption coefficiehitd he calculations

stage time compression of master oscillator pulses in stimuShowed that the copper filter could be used for the selection
lated Brillouin scattering with subsequent amplification in ©f radiation in the spectral interval from 500eV to 933eV
two single-pass YAG:NY amplifiers. The master with 10—35% transmission, the silver filter could be used to

oscillato?® comprised a passively Q-switched YAG:Nd  Select radiation_ in_ the interval from_ 100eV to 400eV with
periodic-pulse laser N=1.064um, repetition rate 0.5Hz, °—15% transmission, and the aluminum filter could be used
pulse duration 8 nsThe laser pulses generated at the systent® Select radiation in the interval from 20eV to 70eV with
output had a duration of 0.12 ns and energ200 mJ, so that 30—40% transmission. It is important to note that this parti-
the radiation focused onto the target had a power densitfon into spectral intervals is to some degree conditional,
~10"Wi/cn?. The duration of the laser pulses, being thesince the transmission of all three filters increases rapidly
most important parameter for our measurements, was mongnd equally to 100% as the photon energy is increased in the
tored by an Agat-SF-1 streak image tube, which has a timéange above 1000 eV. The photodiode signals therefore con-
resolution of approximately 3 ps. tained a high-energy component of the laser plasma radia-
Commercial photodiodes from three manufacturers werdéion. The transmission of all three filters in the visible range
chosen for the investigations: the Siemens BPX65, the Moof the spectrum was many orders of magnitude lower than in
torola MRD510, and the Hamamatsu S4753, which havéhe x-ray range; at a wavelength of 650 nm, in particular, the
been developed for the detection of visible radiation, alongneasured transmission of all three filters was less than
with one specimen of a specially constructed SPPD11-040 %%.
x-ray p—i—n photodiode from NIIT in Moscow. The electrical signals from the photodiodes were re-
The specification-sheet data on the area of the activeorded by an SRG-7 widebarifl GH2) storage oscilloscope.
zone and on the recommended supply voltage are known fdrhe time resolutiorrg 5 of the oscilloscopic recording of the
all the diodes. The specifications for the responsivity andhotodiode signals, defined as the full width at half maxi-
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plasma radiation, with an emission time much longer than
the duration of the plasma-generating laser pulse.

Parameters of major importance from the standpoint of
photodiode applications in plasma diagnostics and photom-
etry are the time resolutior, ;, defined as the widttin time
units) of the impulse response at 0.1 times its maximum, and
the rise timer, of the photodiode signal from zero to the
maximum. These parameters were also measured in experi-
ments using a copper filter. The valuesmfserved as initial
data for determining the thickneds of the sensitive zone of
the p—i—n photodiodes from the equatibn

1.0

8
g
35
S 05k

1 | 1 1 AT

t,ns di= 7 Van, (3]

FIG. 1. Typical profiles of signals recorded by the SPPD11-04 photodiode\/\/herevdh is the hole drift Ve'°°”¥ In Slllcon'_
using coppexsolid curvg and aluminum(dotted curv filters. The measured values of the time resolutigg and 7y 4,
the signal rise timer, , and the thicknesd; of the sensitive

zone for the four types of photodiodes are summarized in

Table I.
mum (FWHM) of the output current pulse in time units, can

be determined from the equatfdn

MEASUREMENTS OF THE SPECTRAL RESPONSIVITY AND
CALCULATIONS OF THE SPECTRAL CHARACTERISTICS

where 7, is the experimentally measured duratigtwVHM)  OF PHOTODIODES

of the photodiode signak, is the duration(FWHM) of the We know that the spectral responsiviéghy) of a sili-

soft x rays incident on the photodiode, anglandr, are the con p—i—n photodiode is traditionally defined as a quantity

time resolutions of the coaxial transmission line and the : . . .
cathode-ray tub€CRT) of the oscilloscope, respectively relating the photod|odg curre.nt.m amperes and the POWET In
' ' watts of monochromatic radiation incident on the photodi-

The dpratlon of a S.Oﬁ x-ray pulse' from a Ia§er plasmaode_ If the two-thickness model of the-i—n photodiode is
source using a target with a high atomic number is known tqg dopted, its responsivitg(hw) in units of AM in the soft
be comparable with the duration of the heating laser pulse a '

. . 10
photon energies of 1000 eV and higgie could assume X-ray range of the spectrum can be written in the fofrh
on the basis of this fact that the soft x rays incident on the  S(hv)= S, »&xQ — u(hv)dexp — usihv)dg}
detector in measurements with a copper filter, which trans-

mitted only radiation with photon energies above 500eV, X[1—exp— us(hv)di}], &)
had a duration of approximately 0.12 ns. The time resolutiorwhered.., d4 andd; are the thicknesses of the contact layer,
of the experimental coaxial linéwave impedance 5Q, the dead layer, and the sensitive layer, all of which absorb
length 1 m was 5<10 s, and the time resolution of the radiation, andus; and u. are the linear x-ray absorption
CRT was 5<10 's (Ref. 24. The experimentally mea- coefficients of silicon and the material of the contact layer,
sured durations of the photodiode signés an example, respectively; the maximum responsivif,. is inversely
Fig. 1 shows typical signal profiles from a detector madeproportional to the electron—hole pair production enengy
from the SPPD11-04 photodiode with copper and aluminuninsilicon (w=3.64 eV; Ref. 8 and for all the silicon photo-
filters on the input windoywexceeded these values by more diodes has the same known val8g,=e/w=0.275A/W,
than an order of magnitude. We therefore assumed in meavheree is the elementary charge.

surements with a copper filter thag s= 7, within absolute It is important to note that this definition of the respon-
error limits of 0.12 ns. In measurements using silver and essivity rests on the presumption that the electron—hole pair
pecially aluminum filters the photodiode signals had muchproduction energy in silicon does not depend on the energy
longer durations than in the measurements with a coppdn the soft x-ray range, and the distribution of the responsiv-
filter (Fig. 1). This difference is a consequence of the photo-ity over the area of the active zone of the photodiode is
diodes detecting a lower-energy component of the laseknown!?

2 2 2 2up
To5= (71— 73— 73— 74)"", (1)

TABLE |. Parameters of the investigat@di—n photodiodes.

Photodiode Bias

type a, mn? voltage, V Toa, NS Tos, NS 7., NS d;i, um de, um dgq, pm Shaxs A-cm?/W Shmaxs AW
S4753 0.125 30 1.25 0.65 0.42 20 <0.01 <0.3 3.43x 1074 0.275
MRD510 0.25 30 1.33 0.75 0.63 30 0.002 0.27 &am 4 0.276
BPX65 1.00 50 8.75 3.80 1.50 70 <0.01 >0.3 2.75¢10°3 0.275

SPPD11-04 5.00 160 3.30 1.40 1.00 50 0.025 0.20 A BB 2 0.276
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In a number of practical situations it is useful to define earlier>'®’ The bench included a laser plasma soft x-ray
the spectral responsivity as a quantity relating the photodiodsource, a photoionization quantometer functioning as a pri-
current and the energy flux density of the radiation, ex-mary standard detector, and monochromatization channels
pressed in W/cr) in the plane in which the photodiode is utilizing flat and spherical multilayer x-ray mirrofsLMs)
mounted. This situation often arises in calibration experi-and thin-film filters. Our procedure enabled us to measure
ments and in the photometry of various pulsed plasma obthe absolute responsivity of the photodiodes within 15-20%
jects usingp—i—n photodiodes with small areas of the active error limits, which depended mainly on the error of the ab-

zone, when the photodiode is completely inscribed within thesolute measurements of the soft x-ray fluxes by the photo-
calibration or investigated photon beam. In this case thgonization quantometéer1®

spectral responsivitg* (hv) in units A-cm’/W can be ex- One distinctive feature of spectrally selective calibra-
pressed in the form tions of silicon p—i—n photodiodes in the photon energy
S* (hv) =St expl — me(hv)dtexp — ug(hv)dg} range above 1000 eV. is a strong dependence of the respon-
sivity of these photodiodes on the photon energy. Owing to
X[1—exp[—usihv)di}], (4)  the absorption of radiation in the contact and dead layers, the

whereS*__is a quantity that depends on the awaf the responsivity of the photodiodes diminishes very rapidly as
o _max N - : <trily,the photon energy decreases down~td00 eV (the L ab-
active zone of the photodiode; assuming a uniform distribu{n€ P ay

tion of the responsivity over the surface of the photodiode SOTPtion edge of Ji It is very difficult, therefore, to perform
we can write this quantity in the form absolute spectrally selective calibration experiments in the

. spectral interval from 100 eV to approximately 300 eV. We
Shax[A- NP/ W] =Sy, a=0.275 2. (®  have used spherical normal-incidence multilayer x-ray mir-
To determine the absolute responsivity of a photodiodd©rs to obtain a high-intensity, quasi-monochromatic x-ray
at a spectral point of the soft x-ray range, it is necessary tgeam at the input to the photodiodes in the indicated spectral
know the thicknesses of the absorbing layers and the absorfitterval. By virtue of an increase in the solid angle of capture
tion coefficients of the layer materials. Moreover, in mea-Of laser plasma radiation we have succeeded in achieving a
surements of the energy flux density of soft x rays by fas0-fold increase in the radiation flux density on a calibrated
p—i—n photodiodes, which have a small area of the activgd—i—n photodiode, making it feasible to calibrate the
zone and, generally speaking, an unknown responsivity disdMRD510 and SPPD11-04 photodiodes. However, even with
tribution over the surface of the active zone, it is required tothe use of spherical multilayer x-ray mirrors the existing soft
know the maximum responsivit$;,.,. The absorption coef- x-ray intensity was still inadequate for performing reliable
ficients are known for practically all materidfsThe thick-  spectrally selective calibrations of the S4753 and BPX65
nesses of the absorbing layers and the valuesigf can be  photodiodes. To estimate the absolute responsivities of these
determined from Eq(4) if the absolute responsivities of the photodiodes, we carried out comparative measurements of
photodiodes are known at at least a few spectral points. the S4753 and BPX65 photodiode output signals with the
In the present study measurements of the absolute re&sPPD11-04 photodiodes, positioning all three detectors after
sponsivitiesSy, ., of the photodiodes have been carried out ata copper filter of thickness 0.46m.
several spectral points of the soft x-ray range at the Physi- The responsivities measured at several spectral points
cotechnical Institute using a bench and procedure describedr the MRD510 and SPPD11-04 photodiodes are shown in
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Fig. 2. Also shown in the figure are the spectral photodiode = Compared with the other photodiodes investigated in
characteristics calculated from E@). The values ofS;,,  this study, the BPX65 exhibits substantially inferior time
and the thicknesses of the absorbing layéfsandd., de-  resolution and low responsivity inthe subkilovolt region of
termined from the experimentally measured spectral resporthe spectrum and therefore has only limited applications for
sivities, are shown in Table I. Also shown in the table are theshort-lived plasma diagnostics.
values ofS,,,, for the given detectors, calculated from Eq. The authors are deeply grateful to A. K. Krasnov and
(5), in which the values ofa have been taken from G. S. Volkov for preparing the SPPD11-04 detector for the
specification-sheet data for the photodiodes. The tabulatesieasurements and for valuable consultations. We also wish
thicknesses of the absorbing layers of the S4753 and BPX6%® thank L. A. Shmaenok for the inspiration to undertake the
photodiodes have been estimated from our comparative me@vestigations and for furnishing the photodiode specimens
surements, and the values $f,., have been obtained from for our measurements.
Eq. (5) using the known value ol and specifications foa. This work has been supported by a NATO Networking
Infrastructure GranCN NIG 960544.
DISCUSSION OF THE RESULTS

It has been observed experimentally that the maximum
time resolution(see Table)lis attained at a supply voltage of
+30V for the MRD510 and S4753, at50V for the 15 ¢ cyderman and K. M. Gilbert, Rev. Sci. Instru#6, 53 (1975.
BPX65, and at+160V for the SPPD11-04 photodiode. 23.J. Hohlfelder, Adv. X-Ray Anall7, 531 (1973.
These values have been determined as the optimum for th&. A Alb?kov, V. P. Beli.k, S. V. Bobasheet al, in Plagma Diagnostics
given types of photodiodes. The duration of the photodiode 238'?“55""‘2'8”;'2 6, edited by M. I. Pergamerifitomizdat, Moscow,
signals remains essentially constant when the supply voltageq génpnpér’ E Krousky, and L. Pina, Czech. J. PHgs.1 (1992
is increased above the optimum, but the signals are observetr. Jach and P. L. Cowan, Nucl. Instrum. Methods Phys. R68, 423
to broaden considerably when the supply voltage i56(198_3- _
decreased. At the optimum supply voltages the electric field Tif(']egi’ra‘gg' P. Parys, and L. Ryc, Proc. Soc. Photo-Opt. Instrum. Eng.
in the photodiodes increases to a value at which the carrier| pina czech. J. Phys., Sect.35, 363 (1985.
drift velocities in silicon attain maximum valuég,.=7.4 8D. M Corallo, D. M. Creek, and G. M. Murray, J. Phys18, 623(1980.
X 10° cm/s for electrons aniy,=4.8x 10° cm/s for holes? 12; ?Chollzey PHH Raguswandz i35- (li'g‘gbAppl- Phys. L68, 2974(1996.
and the charges_ separate in minimum time. The measuerB: L.eS:r?I:é, Eyl?/l chilikéon, and J. C Davis, At. Data Nucl. Data Tables
ments at the optimum supply voltages have been used as &g 181(1993.
basis for estimating the thickneds of the sensitive zone of !H. Rabus, V. Persch, and G. Ulm, Appl. OB6, 5421(1997).
the photodiocs, Wch s shown n Tabe |

From the standpoint of photodiode applications in ex- .. o o " '
periments to study subnanosecond temporal processes inlsasf'Eﬁ'ufnrliﬂoa",ﬁo’;léﬁg? Rev. Sci. Instrus8, 797 (1992.
pulsed plasma, the greatest possibilities of all the investil®s. V. Bobashev, G. S. Volkov, A. V. Golubeat al, Phys. Scr43, 356
gated photodiodes are afforded by the S4753 and thg(slg\glj)éobashev A. V. Golubev, D. A. Mosesya al, Zh. Tekh. Fiz
MRD510, which have maximum time resolution at minimum 65(1('))' 62 (1993' [Técﬁ. Phys_40,’ 1011&1995]. T o
supply voltage. However, their application as low-intensity8m. Hebach, D. Simanovskii, S. Bobashet al, Plasma Sources Sci.
radiation sources can be limited by their low responsivity in Technol.2, 296(1993.
the subkilovolt spectral range. An example is found in Ref. A+ Kreici, J. Raus, V. Pifflet al, IEEE Trans. Plasma SckS-21 584
21, where an MRD510 phOtOdIOde was used for t'me'zoA. V. Golubev and A. Krejci Soft X-Rays of Nitrogen Z-PincResearch
resolved measurements of soft x-ray fluxes from a high- Report IPPCZ-352Prague, 1996 18 pp.
density Copper-a|uminum p|asma_ In this work the measurez.lA. A. Sorokin, L. A. Shmaenok, V. P. Velikt al, Pis'ma Zh. Tekh. Fiz.

; 22(4), 15(1996 [Tech. Phys. Lett22, 272 (1996)].
ments were successful only in the spectral range of phOtOﬂE. Pivinskii, V. Akulinichev and V. Gorbunov, Proc. Soc. Photo-Opt.

energies above 350eV. _ ~Instrum. Eng2986 231 (1997.

The SPPD11-04 photodiode has the highest responsivit§#v. v. Akulinichev, M. E. Mavrichev, and E. G. PivingkiOpt. Spektrosk.
coupled with sufficiently high time resolution. The capabili- 2476'A 68,\11(1_?93 [Ozt-BSFﬁCtSf?SCm 61#?3‘“- v of Fact P ;
. . . H : . A. Novitskii an .M. epanov, | otometry of Fas rocessga
ties of this photodiode have peen demonstrated in a series Otussiaﬁ, Mashinostroenie, Mosco 983, 296 pp.
experiments on the evolution of so-called hot spots iesg | stradiing, D. T. Attwood, and R. L. Kauffman, IEEE J. Quantum
Z-pinches®-2’ Measurements of line and recombination ra- Electron.QE-19, 604 (1983.
diation in spectral intervals ranging from téPtS 2y, K. Akimov (Ed), Semiconductor Detectors in Experimental Physics
thousand¥"° of electron-volts were measured in these ex- L Russial Energoatomizdat, Moscotd.989, 344 pp.

periments. Translated by James S. Wood
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The possibilities of using ferroelectric materials for new generations of integrated circuits for high-
density dynamic memorgup to 1 Gbit per crystalare discussed. The correspondence of

the specific capacitance and leakage currents of thin film ferroelectric capacitors to the
requirements for integrated circuits with various information capacities is examined. It is

shown that the capacitance—voltage characteristic of the ferroelectric strongly influences the
specific capacitance and the rate of decrease of the voltage across the capacitors when

they are discharged in the process of storing information. The prospects for increasing the specific
capacitance of memory capacitors using relaxor ferroelectrics are examineto9®

American Institute of Physic§S1063-784299)01505-9

The advancement of computer technology in the last temnce of size effects associated with the fine-grain structure of
years has been driven by the increase in the information cahe films, intermediate layers at the film—electrode interfaces,
pacity of integrated circuits used in the dynamic memory ofmechanical stresses, and so on on their dielectric properties
working storage. Increasing information capacity involves a  In the present paper we examine for a variety of ferro-
many-fold increase in the number of memory capacitors irelectrics the correspondence of the paramefgrandj of
an integrated circuit, which is accomplished by decreasinghe film capacitors noted above to the requirements. We take
the area of the capacitors to less thapm?, increasing the into consideration the fact that, since large value€gfre
area of the integrated circuit, and decreasing the gaps bechieved with thin films, strong electric fieldsp to 1 MV/
tween the capacitors. Since the capacitance of the capacitotsn) operate in the films at working voltages of 1.6—3.3 V.
should not decrease much in so doing, it is necessary tdhe effect of these films 06 and on the rate of decrease of
increase sharply their specific capacitaze According to  the voltage on a capacitor as it discharges in the process of
estimateg, for integrated circuits with an information capac- storing information is examined. The prospects for increas-
ity of 64, 256 Mbit, and 1 Gbit the values & should be, ing C, of capacitors with various ferroelectrics by decreasing
respectively, 23, 35, and 100 fei? (for the simplest and the thickness and increasing the permittivity of the films are
cheapest planar construction of the capacjtods the gen- assessed.
erations of integrated circuits in dynamic memory are re-  Figure la shows the capacitanCg versus the voltage
placed, the working voltage) decreases as a result of im- on a capacitor and versus the thickness of STO and BST
provements in the technology for fabricating memory-cellfilms. It is evident that at) increasesCg decreases approxi-
transistors: 64 Mbit — 3.3 V; 256 Mbit — 2.5 V; 1 Gbit — mately linearly. This is due to the characteristic, for these
1.6 V. The leakage current densjtpf the capacitors should materials, decrease of with increasing electric field
not exceed 10’ A/cm? in all cases. intensity>~’ It is also evident from Fig. 1&or STO) thatC,

It is desirable to use thin-film ferroelectrics, whose di- increases more slowly with decreasidghan follows from
electric constant can reach several thousand, to increasdhe expression for the capacitance of a flat capaci@y (
the specific capacitance of the memory capacitors. To obtair 1/d). This could be due to an increase in the volume frac-
the required specific capacitances it is necessary to use ferrtien of defective layers at the film—electrode boundaries as
electric films with thicknessl not exceeding 100—200 nm. well as a decrease in the permittivity of the film as a result of
To increase the stability of the capacitors and eliminate thesize reduction of the crystal grains and an increase of the
fatigue of the ferroelectric arising under repeated switchingelectric field intensity.
of the polarization, due to the motion of domain walls, ma-  According to the data in Fig. 1a, 92 nm thick STO films
terials in the paraphase at the working temperature or in thapproximately meet the requirements @y for 64 Mbit in-
ferroelectric phase with narrow hysteresis loops ardormation capacity Cs=20 fF/jum? atU=23.3 V). The leak-
preferable: Examples of such materials, which recently haveage current density of the capacitorjis 108 A/cm? (Ref.
been under intensive study for use in memory capacitors, ar®. It is also evident that at a voltage of 3.3 V the field acting
the paraelectrics SrTiD)(STO) and (BaSr,_,)TiO3 (BST)  in the film substantially decreas€, (by 3099. The main
with x<0.7 andT=0,22 and ferroelectrics with narrow hys- reserve for increasin@, of STO-based capacitors is to de-
teresis loops (Pb,Lay)(Zr,_,Ti,)O;3 (PLZT) with x  creased within admissible valueg <10 7 Alcm?, since
=0.09 andy=0.35 and PZr, _,Tr,)O; (PZT) with x=0.5  there are few possibilities for increasirgof STO films by
and film thickness less than 100 riRef. 4 (the narrowing improving their fabrication technology: For relatively thick
of the hysteresis loop in such thin films is due to the influ-STO films e reaches 308,which is close to the values for

1063-7842/99/44(5)/4/$15.00 558 © 1999 American Institute of Physics
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120K, a gives C¢=71 fFjum? at U=2.5 V andC,=90 fFjum? at
L U=1.6 V. Sincej <108 Alcm? andU=1.6-2.5 V}: BST
100+ N films meet the requirements f@;,U, andj,_ for 256 Mbit
i AN and are close téwith respect to the value @) the require-

a0l N ments for 1 Gbit. As one can see from the data presented, a
N field acting in the film decreas&; by 40% atU =2.5V and

&0

40

& |-
[
+
[T

u,v

by 25% atU=1.6 V. Here, just as for STO film& can be
increased by decreasing the film thickness within admissible
values of the leakage current density.

In contrast to STO, for BST the transition from bulk to
film samples, just as decreasiddgrom 500—-1000 to 20 nm,
sharply decreases (by at least a factor of)3 It is obvious
that the specific nature of the film formation process, consist-
ing of simultaneous formation and growth of a large number
of crystalline grains, gives rise in the case of BST to greater
(compared with STQdegradation of the structural perfec-
tion in both the interior volume of the films and in the re-
gions near the electrodes. Degradation of the structural per-
fection of films is taken to mean the development of
intercrystallite boundaries in connection with the size reduc-
tion of the grains and blocks, an increase in the density of
impurities and vacancies, other point defects, and disloca-
tions, and an increase in the mechanical macro- and micros-
tresses. The strong structural degradation of BST films can
be explained by the more complicated composition of the
solid solution BST as compared with the individual chemical
compound SrTiQ (STO). This suggests that in the case of
BST there are reserves for increasi@g by improving the

FIG. 1. Specific capacitance versus voltage for memory capacitors based
SITiO; (Ref. § (solid line), (BaysSKy 5 TiO3 (Ref. 11) (dashed ling(a) and
Ph(Zry 5Tig5) Oz (Ref. 4 (solid line) and (PR g1Lag o9 (Zrg.6sTi0.39 O3 (Ref.

4) (dashed ling (b).

HIm fabrication technology, leading to higher valuessof

It should be noted that as the structural perfection of
STO and BST films improves, the depender@g)) be-
comes sharper. Thus, &=0.8 V (E=210kV/cm) the
value of Cq in 38 nm thick BST films decreases by 153%,
bulk samples. Likewise, there are no substantial reserves fQyhereas for 1000—1200 nm thick films with the same com-
increasinge of thin films by improving the technology, since position and a coarse-grain structesmnealing at 1150 °C
even nowe decreases by only 40% when the film thicknesscS decreases by 30%or the same value oE).” This de-
decreases from 150 to 20 nfRig. 2).07*° creases the increase @ of BST films due to the improve-

The valueC,=120 fFjum® with U=0 was obtained in ment of their structural perfection, and it increases the rate of
BST films withx=0.5 andd=40 nm, and the sensitivity of decrease of the voltage on a capacitor as a result of discharg-
C, to the bias voltage was estimat€dUsing this estimate  ing of the capacitor during storage of information. Indeed, a
and assuming a linear dependef@@J) (Fig. 1), Cs can be  decrease in voltage during the discharging of the capacitor
determined for values df) corresponding to various infor- increases the capacitance, which in turn additionally de-
mation capacities of memory integrated circuits. An estimatereases the voltage, the capacitance once again increases, and
so on.

Since the rate of voltage drop on the capacitor should not

¢r 2 . _5500 be very high, we shall determine the change in tinoé the
- < initial voltage U,. To simplify the calculation, we sej
% J =U/R, whereR= const. Following Fig. 1a we shall con-
S0F 12000 sider the linear dependence
- C(U)=Cy—BU, 1)
001+ . -
/ - 7000 whereB is a constant coefficient.
B Equating the derivativd Q/dt (Q=CU is the charge on
100~ , the capacitoto the leakage current, we obtain
1 | 1 ! |
0 w200 300 400 500 dQ/dt=CdU/dt+UdC/dUdU/dt=—U/R. (2

FIG. 2. Dielectric constant of SrTiQ(1), (BaysSr g TiO3 (2), and 0.9

d,nm

Pb(Mgy,5Nb,3) O3—0.1 PbTIQ (3) films versus thickness!0-16

From Egs.(1) and(2) we have
dt=2BRdU-Cy,RdU/U. ©)
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Integrating Eq(3), we obtain formation capacity. FolJ=1.6 V j=10"" A/lcm? (for 150

U/Ug ex] 2B(Uo— U)/Co]=exp( —t/RCy). (4) nm thick filmg"), and gxtrapplating the cun@,(U) (Fig. 1b

givesC =100 fFjum< at this voltage.

The relation(4) makes it possible to determine the extent It should be noted that the values of the paramefars
to which the discharge time will decrease under the influence), andj do not cover all requirements for memory capaci-
of the capacitanc€(U) to a given value olJ or how much  tors, and there can be problems in meeting other require-
the voltage drofJ will increase over a given discharge time. ments. For example, in Ref. I8of BST films was observed
An estimate made fo€(U) for BST films (Fig. 13 showed to decrease by 10% after 4@harging—discharging cycles
that the time in whichJ of a capacitor charged 19,=2.5V  with Ir electrodes and by 30% after 4@ycles with Pt elec-
decreases by 10% is decreased by a factor of 4 as aresult @wbdes, which is much less than the required®1ycles’®
the dependenc€(U), and for a fixed discharge time the Therefore it is necessary to consider the possibility of using
decrease reaches 30% instead of 10%(¥)) is neglected. other ferroelectric materials besides those considered above.

The character of the dependeng@)) also affects the Compounds and their solutions from an extensive family
rate of decrease of the voltage during the discharging of af ferroelectrics with perovskite structure and a diffuse phase
capacitor. This dependence is determined by the structurgansition (so-called relaxor-type ferroelectricare promis-
and composition of the film as well as by the potential bar-ing. These materials were discovered and investigated in de-
riers at the film—electrode boundaries. As a rule, the depenail by G. A. Smolenskiand his colleague®. These materi-
dencej(U) deviates from Ohm’s law in the direction of a als are distinguished by high values ef and a narrow
larger decrease of the leakage current with decreasing voltiielectric hysteresis loop.
age. This slows down the discharging of the capacitor. To  The little published information that is available on the
estimate the effect of the dependen¢®) on the change in  properties of thin films consisting of the materials indicated
the voltage on the capacitor during discharging we shalhbove concerns comparatively thick filmd=250 nm) so
compare the average values of the leakage currents overtiat even though the values ofin these films are quite high
time of a 10% decrease in voltagom U=2.5 V) for an  the values ofCg for capacitors based on them are much
Ohmic dependencg(U) and for the stronger dependence lower than for capacitors based on BST, PZT, and PLZT.
presented in Ref. 11. In the latter case the average leakag#us for PlIMg;,sNb,5)O; (PMN)-based capacitor<C,
current and therefore the rate of discharging of the capacitoe 67 fF/jum? for d=500 nm ande =3800?! for the solid
are 10% less then for an Ohmic dependence, i.e., the voltagslution 0.9 PMN—O0.1 PbTiQ(PT) C,=70 fF/jum? for d
decreases by 9% during discharging. Therefore the effect 0f£ 250 nm ande =20002° and for PSc;;Ta;,)0; (PST
a deviation ofj (U) from Ohm’s law is negligible. C.=15 fF/jum? for d=2700 nm anct =4500?2 These val-

Figure 1b showsCg versusU for PZT (x=0.5) and ues show that in these materials decreases substantially on
PLZT (x=0.09,y=0.35) films. The curves were constructed switching from bulk samples to thin filmgor example, in
based on the data of Ref. 4. In contrast to the correspondingulk samples of the solid solution 0.9 PMN-0.1 RT
data for STO and BST, these curves for PZT possess a maxi= 3000¢), which indicates the existence of large reserves
mum, which probably reflects the fact that the films are infor increasingC, of capacitors by increasing of the films
the ferroelectric phase and the fields acting in the films aréy improving their production technology. The valGg can
close to the coercive values. The distinction from STO filmsalso be increased by decreasihg
is that, as one can see from Fig. 1, in the region of practical
interestU=1.6—-2.5 V,C; for 100—300 nm thick PZT films
changes a€<1/d. This is explained by the weak depen- ~qycLusioNs
dences(E) in the indicated voltage randthe intensification
of the field with decreasing does not affect the capacitance 1. An estimate of the specific capacitari@gof memory
much. For largeU the field-induced decrease of the capaci-capacitors based on ferroelectrics, taking account of their
tance intensifies, which decreases the dependég@d. As  capacitance—voltage characteristic and leakage currents,
a result, the curv&€ (U) andd=70 nm forU>1.7 V lies  shows that the values &f; for capacitors with STO and BST
below the curve ford=100 nm. On account of the weak films meet the requirements for integrated circuits for 64 and
voltage dependenc€(U) for working voltages of 1.6—2.5 256 Mbit dynamic memories, respectively. The value€gf
V, in the case of PZT the above-noted increase of the rate dbr capacitors with PZT and PLZT films are close to the
voltage decrease during the discharging of a capacitor shoul@quirements for 1 Gbit information capacity.
be negligible because of the growth®©f with decreasindJ. 2. Capacitors with films of relaxor ferroelectritBMN,

For PZT films withU=1.6 V (according to the require- PMN-PT, PST are at present inferior with respect@ to
ments for 1 Gbit information capacjtpndd=70-100 nm  BST-, PZT-, and PLZT-based capacitors, but they have sub-
C.=130 fFjum?,* which is greater than the minimum value stantial reserves for increasing their specific capacitance both
100 fFjum? required for this information capacity. However, by decreasing the film thickness and by decreasing the large
j exceeds 107 Alcm? (j=5%x10"7 Alcm?) in this case. gap between the values ef for films and bulk materials.
There is a possibility of decreasirjgby increasingd and  Such reserves are also available for BST-based capacitors.
thereby approaching the 1 Gbit requirements. 3. Calculations show that in capacitors with films in the

It can be assumed that the parameters of PLZT-baseparaphasdfor example, BST, the rate of voltage decrease
capacitors are also close to the requirements for 1 Gbit ineuring discharging increases substantially because of the
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strong capacitance—voltage dependence. In capacitors withC. S. Hwang, S. O. Park, H.-J. Chai al, Appl. Phys. Lett.67, 2819
films in the ferroelectric phas@ZT) this effect should be  (1995.
weak for fields close to the coercive fields. 13C. S. Hwang, C. S. Kang, H.-Ju. Clet al, Integrated Ferroelectrick2,

: : 199 (1996.
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It is demonstrated that copper oxid@pecifically cuprous oxideplay an important role in the
photochromism of standard FKhS-7 glasses. The absorption spectra of the FKhS glasses
are compared with the spectrum of glasses with microscopic cuprous oxide particles and the
spectra of cuprous oxide deposited on various substrates. Solid-phase photochemical
reactions in heterosystems are shown to be responsible for photochromisa@9®American
Institute of Physicg.S1063-78499)01605-0

As shown in Refs. 1 and 2, at moderate and low irradialong-wavelength bands in the region 1.9-2.17 is a subject of
tion doses o\=300 nm light the induced absorption spec- debate>® Selective irradiation of FKhS samples does not
trum AD in FKhS-7 glasses and the absorption spectrum otompletely elucidate the nature of photochromisn.
nanosize Cglcopper particles in a dielectric matrix correlate. Figure 1, C shows the changes in the spectubh of
The observed displacements of the band maximum in th&KhS-7 glass under successive equal-energy selective irra-
region 2.0-2.17 eV and the absorption on the long-diation in the spectral regions 2.45-2.75 &@urve 1) and
wavelength shoulder of the band can be attributed to thd.75-2.25 eMcurve2). In the first case irradiation produces
different size of the particles and their possible surface oxia 40 meV shift of the band maximum into the short-
dation in an environment consisting of variable-valence oxwavelength region, it broadens and increases the intensity of
ides. On the basis of the photolytic model of photochromisnthe band, and it increases the intensity of the absorption in
the similarity of theAD curves for different irradiation doses the blue-violet region of the spectrum. The intensity of the
indicates that an increase in the number of, Quarticles 2.55 eV band remains unchanged. Under subsequent irradia-
predominates over an increase in particle size. tion in the yellow-red region of the spectrum the intensity of

Depending on the thermal history of the FKhS-7 this band increases, the absorption in the violet region de-
samples, a band with a maximum at 2.53-2.55 eV was alsoreases negligibly, and the half-width of the long-wavelength
observed in the spectrsD .2 According to the shell model of band decreases and its maximum undergoes an approxi-
the formation of photolytic Cuthis band can be assumed to mately 20 meV bathochromic shift. These results undoubt-
be of a molecular-center nature, i.e., the formation of @u  edly show that multiple processes are responsible for photo-
Cu; type centers in a near-surface region of the light-chromism.
sensitive CuCl phase, enriched with mobile coppender The strong temperature dependence of the speckDm
the conditions of photoinduced redistribution of the electronin the temperature range 250—-300 K ordinarily used in prac-
density. Considering the sizes of the CuCl particles and the
presence of a phase bounddBB) with the matrix, photo-
generated equilibrium Cl-O centers, for example,GG
which contribute to the total spectrukD, must also be
admitted.

In the present paper we attempt to demonstrate that cop-
per oxides(especially cuprous oxideplay an important role
in the photochroism of copper-halide glasses and to elucidate
the mechanisms of the corresponding photochemical reac-
tions. The analysis of the photochromic absorption spectra is
based on a study of the absorption spectra of copper oxides
obtained in various matrices. Specifically, the dominant band
in the absorption spectrum of semitransparent mirror layer of
copper thermally oxidized in a dry-air atmosphéfa. 1, A
is the band at 2.53 eV, whose long-wavelength shoulder con-
tains structure in the region 2.38—2.43 eV. This band is also \
dominant in the absorption spectrum of the cathode deposit eV 25 20
of copper oxide obtained by the standard electrochemical

; Wi ; et FIG. 1. Absorption spectra of a thermally oxidized film of electrolytic cop-
teChnomgy(Flg' 1, B). Its half-width is characteristic for the er(A) and a red cathode deposit of copper oxXiBgas well as the spectral

analogous band in _ the induced absorption spectrum qF}ariations of the photoinduced absorption of FKhS-7 gl&ssolid curve
FKhS-7 glass. Here it should be noted that the nature of thefter additional illumination with blu¢l) and red?2) light.
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tical applications, specifically, the nonlinear growth b absorption spectra of the light-yellow commercial copper ox-
with decreasing temperature, which is also characteristic foide glasses subjected to secondary low-temperature heat
silver-halide FKhS glassé€gjoes not agree with the increase treatmenf Moreover, the 2.97—3.04 eV band is dominant in
in the efficiency of the photolytic process accompanying ahe spectrum of an aqueous ammonia solution of cuprous
temperature increase in ion mobility in AgHal and CuHal.oxide? Assuming that the mobile copper diffuses toward
By changing the composition of the initial charge glassesPBs as regions of distortion of the uniformity of the electri-
with a CuCl phase can be used as FKhS glasses or as filtetal potentiaP'® the FKhS absorption bands at 2.85-3.0 eV
which cut off UV radiation'® Therefore the efficiency of can be attributed to copper-oxide centErsTherefore a
photochromism is determined not only by the presence of @opper-oxide nature of both the FKhS-7 absorption edge and
light-sensitive phase. The direct dependence of the meltinghe spectrunAD as well as the formation of a solid solution
temperature of this phase on its average Slzthe short on PBs(matrix—CuC) as a result of the concentration of
response time of photochromism, and the dependence of thaobile copper and the associated Coulomb redistribution of
low-energy limit of photoactive photons on the history of thethe electron density are admissible. The possibility of photo-
samplé definitely indicate that the phase bound&®B)  induction of a solid-phase reaction is demonstrated in Refs. 8
(matrix—light-sensitive phageinfluences the efficiency of and 13. At the same time photoirradiation can also lead to
photochromism. The fact that photoinduced processes anghase separation of the solid solutiériThe change in the
PBs are associated with one another has been shown prewirection of the solid-phase chemical reaction and the com-
ously on model objects with Agl and Cul nanocrystalsposition of the product obtained could depend strongly on

(NC9."*" Specifically, films with Agl and Cul NCs sus- the temperature of the sample and the spectral composition
pended in cavities in a gelatin matrix are photographicallyof the exciting light'’

stable and can be used as filters for cutting off UV radiation,  Figure 2, B shows the spectrudD of a FKhS-7

but after thermal adsorption of gelatin on the surface of NCsamples irradiated in the 3.4 eV band. Here the 2.72 and 2.58
the same samples become photographically effective. In thigv bands characteristic for @D (Ref. 14 are resolved. The
context the photolytic precipitation of colloidal and precol- absorption spectrum of the other sample was later altered by
loidal Cy, particles on PBgjust as C] on the side of the free jrradiating with 2.75 eV ligh(Fig. 2, O, which resulted in a
CuCl surface is unlikely because of spatial confinement.  hypochromic shift of the 2.54 eV band by 40 meV and a

A band similar to the high-energy section of the visible relative increase in the intensity of the 2.1 eV band against
spectrum of FKhS-7 with thermally-induced yellow colora- the background of the 2.15 eV band, which, just as the 2.54—
tion is observed in the difference absorption spectra ob.58 eV band, cannot be associated with excitonic absorption
FKhS-7 samplesFig. 2, A) in the spectral region 2.75-3.17 in Cu,0.1
eV. With the exception of the 2.97-3.01 eV band the “yel- The dark relaxation spectf for the FKhS-7 sample
lowness” spectrum and the spectrum of excitons, which argyreirradiated with sunlight at 255 K, which were obtained in
observed in a glass matrix in Ref. 14, correlate, so that thig regime of heating up to 280 K, are presented in Fig. 3, A.
spectrum can be attributed to a cuprous oxide phase in cofFigure 3, B shows the spectteD for a FKhS-7 sample with
tact with CuHal*>*° weak light-yellow coloration. These spectra were recorded

Besides the bands characteristic for cuprous oxide, bandmmediately after irradiation with sunlight at 285 K and 30
with maxima at 2.97 and 2.85 eV are also observed in thenin later. On the basis of the copper and copper-oxide nature
of AD the 1.9-1.96 eV band corresponds to’CuRe cen-
ters, whose thermodynamic formation is possible on PBs
with Cu" interacting with a dissociating CI-O center, since
the oxidation Cli— CW" by chlorine on a free surface is
possible only in the presence of a copper deficiency, which
contradicts the copper-colloidal nature of the 2.1 eV band. In
Ref. 1 the 2.38-2.48 eV band is attributed to molecular-size
copper centers.

The resonance character of the excitation of the bands in
the spectrumAD makes it possible to give an energy esti-
mate of the 2.38—2.48 eV band on the basis of the proposed
model of centerd? The binding energies for Guand Cy
are, respectively, 1.98 and 2.97 &While the binding en-
ergy of the dynamically equilibrium center can be taken as

A the average of these values, which is 2.475 eV. The affinity
L L ! of Cu; can be estimated, by analogy with the same quantity
3.0 2.9 2.0 ¢ for Ag; ,'%as 1.%, (CP), which is 1.845 eV. The binding
FIG. 2. Thermally induced “yellowness” spectra in FKhS-7 gl#sg and  energy of a Cylcenter in a dynamically dissociated state can
photoinduced absorption in FKhS-7 glass under irradiation in the 3.4 eVphe estimated as the average of 1.845 and 2.97 eV, i.e., 2.4

band(B) and of an another FKhS-7 sample under irradiation in the 3.4 eV .
band(C, lower curve followed by irradiation in the 2.75 eV bar(&, upper eV. We note that the average of 2.97 and 1.23#8\2.1 ev,

curve. All spectra were recorded relative to the unirradiated sample. The>Q that C;H on a_CUC| surface can _be reg?"qed as a superpo-
“yellowness” spectrum was recorded relative to the colorless section.  Sition of interacting Cy centers, which satisfies the model of
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compensatory motion of the charge carriers. Such a process
is possible only on a free CuCl surface and corresponds to
segregation of Guparticles as a result of their resonance
excitation and ionization. In the model of photochromism as
a reversible solid-phase reaction the formation of, 6o a
free CuCl surface is a consequence of an increase in the
concentration of mobile copper (Cy and its Coulomb dis-
placement away from the PE€uCl-matrix as a result of
an increase in the concentration lof centers as well as
mobile Na  ions?® Conversely, in the process of thermal
synthesis of the phase gb at 300—350°C in the near-
surface region of CuCl the binding of mobile Turom
CuCl will increase the N concentration in CuC{segrega-
tion of impurities into a melt zone As a result of the rela-
tively high dissociation energy of cuprous oxide and the ab-
sence of a weakly bound or free oxygen, low-energy
] excitation of the heterosystem CUNRA)—Cu,O does not
| : lead to reduction of cuprous oxide. The possibility of resto-
3.0 2.5 2.0 eV ration of photochromic processes after the yellow-colored
samples are heated at 450-500°C means that the system
FIG. 3. Comparative spectra qf dark relaxation of photoinduced absorp“o”CuCl—CLéO—alkali oxides is glass-forming. This follows
The spectra were recorded with the sample heated from 255 to 280:K &rom, among other things, the synthesis of ion-selective

dashed curves — individual sections of the spectrum which were obtaine - .
with repeated irradiation—relaxation cycles. Sectral variations of the photoglasses with a high percentage of CuHal o,Gu

induced absorption for the FKhS-7 sample with a weak light-yellow color It follows on this basis that in FKhS-7 glass a heterosys-
(B). All spectra were recorded with respect to the unirradiated samples. tem treated in photomaterials as a substrate-ion-selective ep-
itaxy structure:>'822where the epitaxy together with PBs
are regions of accumulation of photoinduced and mobile

phase separation of the solid solution C{@Z)).*° centers, exhibits photochromic properties. In Ref. 13 it is

An increase ofAD under irradiation is accompanied by shown that depending on the conditions at the PBs and the
a decrease of the intensity and an increase of the half-widtbhemical composition of the constituents of the heterosystem
of the 3.2—-3.21 eV band, associated with excitonic absorpthe same substance can act as a substrate or as epitaxy. In
tion in CuCl2"1%11as well as by a shift of the band maxi- this connection, considering the polymorphism of CuHal
mum to 3.24-3.25 eV. AAD relaxes, the spectral charac- (specifically, accompanying a change in a copper—halogen
teristics of the indicated band are restored. Howeverratio®), the reversibility of the solid-phase photochemical re-
incomplete relaxation oAD in the spectral region of the action, as well as the constancy of the copper—oxygen ratio
Cu, band and the associated incomplete restoration of than the region of the easy-melting phase around CuChLCCu
spectral characteristics of the 3.2 eV band are observed in @n be assumed to be polymorpftahe change in the slope
number of cases. Similar changes for this band have beeof the temperature dependence of the electrical conductivity
observed in CuCl-Cdglfilms?* The possibility of relax- of Cu,O films at 350 °C(Ref. 25 can also be regarded as an
ation of AD presupposes that a thin layer of CuCl nanocrys-ndication of structural changes, for example, transfer of
tals near PBs participates in the photoinduced solid-phassome cations into interstices and formation of g@y{Cu,)
reaction. In this connection the short-wavelength shift of thestructure as an intermediate phase betweeyOCand CuO.
3.2 eV band could be due to an increase in the influence of A sharp decrease iAD in the temperature range 250—
the structure of the substrate with a cuprous oxide phas290 °C was observed in Ref. 26.
formed? and a change in the relative copper—halogen Here it is worthwhile noting that after FKhS-7 is heated
concentratior. at 300°C a light-yellow coloration witlAD characteristic

To determine more accurately the role of the ion stage iffor yellow Cu,0 is observed. In the case of a structural phase
the mechanism of photochromism, curves of the photointransition in a CuCl nanocrystal, which is possible in the
duced charge currents and of the dark discharge of a capadidicated temperature range, a long-wavelength shift of the
tor cell with FKhS-7 samples were obtained. The nearly exabsorption edge and an increase\d are most likely® The
ponential character of the current curves is similar to theahermally induced decrease AD is most likely due to the
curves of the kinetics of the growth and relaxationAd.>  removal of intrinsic impurities or dopants from CuCl in the
This indicates ion diffusion and corresponds to a solid-phasease of amorphization or a structural phase transition in the
chemical reaction. At the same time the photocurrent curvesubstrate material. The reversible restoration of the tem-
obtained in a differential detection regifién a number of perature dependence of the increase AB, starting at
successive tracdaradiation—dark relaxationshow oscilla- 300 °C(Ref. 26 supports a structural phase transition, where
tions against the background of a slow current component. Ithe concentration of cationic vacancies increases with the
the opinion of one of the authors of Ref. 22 this correspondsymmetry of the crystal latticrinciple of an ion-selective
to Coulomb separation of charged particles and an associatedectrode¢. In this connection we examined the tem-
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phase chemical reaction are possible in the heterosystefi. v. Barmasov and V. A. Reznikov, “Crystallization in the solid phase,”

CuCl-CyO—matrix as a result of the polymorphism of

both compounds.
We are sincerely grateful to V. A. Tsekhomiskind
A. A. Kuleshov for valuable discussions and assistance.

1Yu. 1. Petrov,The Physics of Small Particléi Russiaf, 1982, 389 pp.

2A. L. Ashkalunin, P. M. Valov, V. I. Léman, and V. A. TsekhomskiFiz.
Khim. Steklal0, 325(1995.

3V. A. Voll, zh. Tekh. Fiz. 65(10), 191 (1995 [Tech. Phys.40, 1080
(1995].

4A. 1. Efimov (ed), The Properties of Inorganic Compounfla Russian
Khimiya, Moscow(1983), 390 pp.

51. Kotsik, I. Nebrzhenski and I. Fanderlik,The Coloration of Glass
[Straizdat, Moscow(1983, 211 pp].

5D. G. Galimov, A. M. Gubdullina, and A. I. Né&ch, Fiz. Khim. Stekla
13, 50 (1987).

L. B. Glebov, N. V. Nikonorov, and G. T. PetrovskDokl. Akad. Nauk
SSSR280, 1110(1985 [Sov. Phys. Dokl30, 147 (1985].

8V. M. Marchenko, Fiz. Khim. Stekl21, 359 (1995.

L. V. Gracheva and V. A. TsekhomgkiOpt. Mekh. Promst.44(9), 29
(1977 [Sov. J. Opt. Technol4, 540 (1977).

0y, 1. Vasilev, Candidate’s Dissertatiofiin Russian, St. Petersburg
(1996, 155 pp.

Dep. VINITI No. 6859-V89in Russian, All-Union Institute for Scientific
and Technical Information, Mosco(1989, 29 pp.

1%y, A. Voll, Fiz. Tekh. Poluprovodn29, 2071(1995 [Semiconductorg9,
1081(1995].

20y, V. Slezov and V. V. Sagalovich, Usp. Fiz. Nadk1, 67 (1987 [Sov.
Phys. Usp30, 23(1987)].

210. N. Yunakova, V. K. Miloslavskj and Bayarma Guan-Adzhavan, Zh.
Nauchn. Prikl. Fotogr. Kinematog85(5), 369 (1990.

22y, A. Voll and O. A. Trofimov, Zh. Fiz. Khim2, 323(1996.

23y, V. Golubkov and V. A. Tsekhomski Fiz. Khim. Steklal2, 206
(1986.

24K. Sugasaka, A. Fujii, S. Kato, and D. Mijuguti, RZhKhim., No. 5B785
(1970.

R, E. Krzhizhanovskiand Z. Yu. ShternThe Thermophysical Properties
of Nonmetallic Materials[in Russian, Energiya, Leningrad(1973,
333 pp.

%63, B. Gorbatova, A. M. Zyabnev, and S. L. Kraevskiz. Khim. Stekla
19, 266 (1993.

2TA. L. Kartuzhanski, L. K. Kudryashova, A. V. Barmasov, and V. A.
Reznikov, Opt. Spektrosk66, 332 (1989 [Opt. Spectrosc66, 191
(1989].

Translated by M. E. Alferieff



TECHNICAL PHYSICS VOLUME 44, NUMBER 5 MAY 1999

Propagation of a monochromatic electromagnetic plane wave in a medium with
nonsimple motion

V. O. Gladyshev

Egor'evsk College of Civilian Aviation Technology, 140303 Egor’evsk, Moscow Region, Russia
(Submitted November 11, 1996; resubmitted October 28, 1997
Zh. Tekh. Fiz69, 97-100(May 1999

An exact analytical solution is obtained for the trajectory of the wave vector of a monochromatic
electromagnetic plane wave in a medium with nonsimple motion. It is shown that the

spatial dragging of the electromagnetic wave by the moving medium can be described correctly
in the general case only if relativistic terms of or¢g# are taken into account. @999

American Institute of Physic§S1063-784£99)01705-5

INTRODUCTION FORMULATION OF THE PROBLEM

The solution of the dispersion relation for the propaga- L€t Us 'consider. an inertial coordinat.e system in _vvhich a
tion of a monochromatic electromagnetic plane wave in gnedium with permittivitys, and magnetic permeabilig,
moving medium reduces to finding the wave vedtgof the 1S &t rest in the half spacé<0 and a medium witte; and

electromagnetic wave in the medium. For propagation of*2: Wh'c_hh ari_ measurled_ In '_ts EW?] ﬁcoordln;te Osy;tem,
electromagnetic radiation in a medium with nonsimple mo-MOVes with arbitrary velocityl, in the half space>0.

tion it is necessary to obtain a solution for each local regiol_gmgentlal discontinuity of the velocity exists at the interface

along the entire propagation trajectory of the wave, since th etween the medlq. We assume that the velocity field is con-
wave vector at each point of the trajectory depends on thgtant along thev axis.
Neglecting the dispersion of the moving medium and

velocity vectoru, of the mediun taking e w1 =1 the wave vectok, in the second medium
This dependence is a consequence of the fact that the. . 9 ¢ 141 2

Fizeau effect is a particular case of the spatial dragging o an be expressed s
the light by a moving mediufmand can be investigated ex- wy
perimentally. For example, in experiments on laser rangingzx=" Sin Yo, (1a)
of a space vehicléSV) it was found that the Fizeau effect
has an appreciable influence on the direction of the laser 1
beam passing through a moving quartz refleétogince the k22=? > 51— Kzﬁzzyg(l—,BzX sindyg)
effect should appear in interferometric measurements at 1= K3B2:72
comparatively low velocities of the propagation medium of 4+ (co@94(1— k285,72 + ko ¥2(1— BaxsSinde) ) V2,
the electromagnetic wave, it should affect the results of a
wide class of experiments.
The investigation of _thls phengmenon |s_also of interestynere v, 2=1—(B2,+ B2), Ko=eomr—1, PBox=UxlC,
from a different standpoint, since it can be viewed as a preg, —y,,/c, u, is the velocity vector of the second medium,
cise test of the electrodynamics of moving media in whichy, is the angle of incidence of the electromagnetic wave on
the interaction of an electromagnetic wave with the movingihe interface of the two mediay, is the angular frequency of
matter can be analyzed on an atomic scale on the basis gfe electromagnetic wave,is the speed of light in vacuum,
macroscopic observations. For this reason there naturallind the sign is chosen so that the wave propagates away
arises the problem of finding analytical equations describingrom the interface between the two media.
the trajectory of the wave vector in a medium with non- The form of the expression fdt,, imposes a restriction
simple (nonrectilinear motion. on the functionB,(x,z) for which analytical solutions of the
We note that in the literature the description of the effectequation of the trajectory of the wave vector in the medium
of the motion of the medium on the propagation of electro-exist.
magnetic radiation is ordinarily limited to approximate cal- Using the function(1b) in searching for a solution of the
culations. This is admissible in calculations of the Fizeauform z=f(x) leads to an implicit integral equation
effect, which can be described quite accurately taking inte= [ gmax(x'z)f(x,z)dx, which does not have an analytical solu-
account only the first-order relativistic terms. However, thistion in the general caseHowever, there is an analytically
simplification is unacceptable for subtle phenomenon such asolvable case where the spatial character of the dragging of
the curvature of the trajectory of an electromagnetic wavethe light is most naturally manifested.
whose magnitude is determined by second-order relativistic  Let the velocityu, be a function of the coordinatesand
terms. z of the form

(1b)

1063-7842/99/44(5)/4/$15.00 566 © 1999 American Institute of Physics
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2 02 ANALYTICAL SOLUTION OF THE EQUATION FOR THE
[ggz_z(Ro_z)er _2x2, (2)  TRAJECTORY OF THE WAVE VECTOR OF AN
c c ELECTROMAGNETIC WAVE

which corresponds to rotation with angular velociyrela- We shall seek the solution of E¢) in a general form.

tive to the center (o). This function determines the pa- £qr this, we substitute expressié®) and switch to the new
rametersuz, = w(Ro—2) and ux,=wx as functions of the \ariapleg, . After transformations we obtain
independent coordinates. The functi@ with both compo-

nents requires the use of numerical methods, which was done B2(Bx—1)dBy
in Ref. 2, since analytical methods lead to computational :Tf G% B |
errors, due to the dropping of terms in the series expansion, & (B
and so on, that are larger than the effect under investigatiofvhere
On the other hand the tangential component of the ve-
locity of the medium influences the spatial character of the L,
dragging of the light(the curvature of the trajectory of the \/1—n§a
wave vectoy. For this reason this is the most interesting case Ar o s
for studying the spatial dragging of light by a moving me- G (Bx)=(a= B (b= B (Bx=C)(Bx—d),
dium. 2 2
1-n5)xy°n
Let only a tangential componem,, be present in the L zza(z—)“vz
moving medium and3,, =0. This corresponds to a shear 1-nsa
flow with velocity varying linearly with distance from the a=p b=—c=1, d=g
boundary. Then the angle of refractiéy can be written as XL ' x2:

®)

T=

glo

Ko\ 2 The expression contains the root of a quartic polynomial
tarf 192(2):<ﬁ) and it can be shown that E¢5) can be represented as a
k2, composition of elliptic integrals. The integration limits are

determined from the expression 8,(z) for the initial and
final coordinatesz; and z, of the trajectory of the wave

a(1-Bi(2))

Y2(1- B%2)+(n3—1)(1-aBy(2)?’ vector. We introduce the notation
€ dB,
— i _ _ = f . (6)
vi/ILer((aZ);vC— sindg, 7y=c0sYy, hN,=+esus, and B,(2) S (B,—1)SVGA( By
— Y2x . .
The wave vectoky=21/\ of the incident electromag- Then the coordinate can be expressed as

netic wave satisfies the relatidg>1/R,, which makes it _ _ B2

. . . x=7(J_,—2J_7)|22 7
possible to use the solution of the wave equation for an elec- P1

tromagnetic plane wave undergoing a tangential velocity dis-  |n order to reducel_, to tabulated integrals, its order
continuity at the interface between the médiar each local must be increased. Let us expa@f(B,) in powers of

region of the medium. (By—1)

We shall be interested in the equation describing the 4 4 3
trajectory of k,, i.e., the analytical dependence=f(z). G(Bx) =bo(Bx—1)"+by(Bx—1)
Evidently, thedifference relation +by( By—1)2+ba(B—1) + by,

Ax;=tan9(z)Az, where
where AX;=X;—X;_1, Az=2z—27_4, zi=2}:1Azj, and bo=1, by=4—(Bu+ ),

xi=2}=le]- , holds for each local region of the medium.
Then a relation between the instantaneous coordinates by=5+ B,Bx>—3(Bx1+ Bx2),
can be obtained by summing and switching to an integral in

the limit Az;—0 D3=2(1+ By1Bx2— (Bx1t Bx2)),
. andb,=0. Integrating the first derivative of the product
x= | tand,(z)dz 4 _
J tanoto @ GBI

A characteristic feature of this expression is that the lim-we obtain a recurrence relation that makes it possible to
its can be set arbitrarily, but we do not have precise inforlower the order of the elliptic integral
mation about the point where the trajectory intersects, for b,
example, a prescribed cylindrical surface of radidg. bo(2—9)Js 3+ ?(3—28)J5,2+ b,(1-S)Js 4
Therefore, generally speaking, the upper limit of the integral
is variable. We also note that the expression for the angle of bs
refraction is exact and contains quadratic terms. This is of + 5 (1-28)J57byS k1= VG (B (B—1) "5,
fundamental significance for studying the spatial dragging of
light by a moving medium. S=1,23.... (8)
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Using Eq.(8) with S=1 andb,=0 we obtain an expres-
sion forJ_,

1 (2\/64(Bx)
TN

Substituting expressiof®) into Eqg. (7), the expression
for x becomes

_bl\]_1+b3\]1>. (9)

r (246 B) ) &
_Z_%(ﬁ+b3‘]l+(4b0_bl)‘]—l ; (10)

We note thata>b=pg,>c>d, and we introduce the
notations

|.= ﬁxﬂ | = Bxi | :_J |Bx
e Jekey T e JGRBy T T
Then Eq.(10) can be expressed in terms of tabulated
integrals
2.JG* B2
X:%(#_beﬂa‘k(‘lbo_bﬂ(l1"2)) ,
0 BX 1 81
l1:29[((:_d)H((Pvnlvk)+dF(Qle)]v
|2:29F((P!k)1
l3=2gq[(c—d)II(¢,ny,k)+(1-C)F(e,k)],
1 1
11

S aonm-a I d-oa-d

whereF(¢,k) andII(¢,n; k) are normal elliptic integrals of

V. O. Gladyshev

t=V(1+B,1)(1-By2)-

Comparing the computational results obtained with Eq.
(12), using tables of elliptic integrafswith the results of
direct numerical calculations using Ef) shows that the
accuracy of the analytical calculations depends on the reso-
lution of the tables of elliptic integrals and that interpolation
must be used. Nonetheless, the expression obtained is exact,
and it is desirable to construct more accurate tables of elliptic
integrals in the parameter range corresponding to the experi-
mental data.

It is also evident thah,=1 for any d. In this case
IT(e,n,,k) can be expressed in terms of elliptic integrals of
the first and second kinds:

Ap=+\1—K?sir? ¢,
The use of this expression decreases the interpolation

error because the tables Bf ¢,k) andE(¢,k) is more ac-
curate.

k=sina.

ESTIMATION OF THE EFFECT OF TERMS OF ORDER g2

Here it is appropriate to raise the question of whether or
not terms of orderB? are needed to describe the three-
dimensional Fizeau effect. Indeed, the electrodynamics for-
mulas for the longitudinal Fizeau effect are linear in the ve-
locity of the medium and terms of ordg® are negligible,
though they are present in the exact solution of the disper-
sion relation. However, for the three-dimensional Fizeau ef-
fect, i.e., when a transverse component of dragging of the
wave appears, it may be necessary to take account of the

the first and third kinds, to which correspond the characterterms with 82. To justify this assertion we shall obtain an

isticsn, andn,, the amplitudep, and the modulu& given
by

_b—c _(b—c)(l—d)

“b-d’ M (b-d)(1-c)’

i JEmDBe) - fb-c)(a-d)
¢ (b=c)(By—d)’ (a—c)(b—d)’
Finally, substituting the coefficients, b, ¢, andd we
obtain

n

X= T( c,II(¢,ny k) —Coll(@,Nny,k)

VG*(BY)

_CaF(<Pak)_W

B2
) (12
By

where

1
Clzf(l“‘ﬁxz)(l—ﬁxl),

1
szf(l"'ﬁxz)(ﬁxz"' Bx1),

1
C3=f[2(1_,3x1)"‘(1_,3x2)(,3x2+,3x1)],

expression for the path length of the light beam in a medium
with a chosen law of motion neglectigf. In the geometric-
optics approximation the path length of the light beam can be
written as

S= f Z\/1+ tart 9,(z)dz, (13
0
where
a2
tar12 ’l}zE (3/)

Y2+ (n3—1)(1-2aB,)

Changing to the new variable and performing the trans-
formation, we obtain

C (B2 [a— By
S=—— ——*dg,, 14

w)s V=g, % (14)

where
n3 ns—a?
a= > , b= > .
Performing the integral in Eq14) gives
cla—b)(1 |+1 ¥ 2

S= o (E n _—1 + ¢2_1) , (15




Tech. Phys. 44 (5), May 1999 V. O. Gladyshev 569

where dimensional dragging of an electromagnetic wave — the de-
flection of the trajectory of the wave vector of the
=\ /a__BX, Py o= /a__ﬂxlz_ superposition wave in the medium. The analytical solu-
b— By ’ b= By1,2 tions of the equation for the trajectory of the wave vector in
For w=0 the length of the trajectory up to intersection @ moving medium can be used to describe this phenomenon.
with the straight linez=R, can be written asS,=R,/ In closing, we note that the solution of E@l) can be
cosd,, whered, can be found from Snell's law. represented as a composition of elliptic integrals not only for

Then the difference of the path lengghtaking account the chosen law of motion of the medium. This opens up the
of only terms of order, and the path lengt!s, without possibility of using analytical methods to describe the trajec-
rotation will approximately characterize the magnitude of thetory of a wave vector in media with more complicated laws
Fizeau effect in a moving medium. of motion. o

Numerical calculations show that the curvature of the ~ This work was performed as part of the Scientific and
propagation trajectory of an electromagnetic wave in a meJechnical Program between Institutions of Higher Education
dium with rotatioﬁ is of the same order of smallness as the“FUndamental Research at Technical Institutions of nghel’
error in the calculations performed using Ej5). This con-  Education in Russia.”
firms thatB2 must be taken into account in order to describe

correctly the spatial dragging of electromagnetic radiation by S- Solimeno, B. Coroziniani, and P. DiPoruiding, Diffraction, and
y P 99ing 9 y Confinement of Optical RadiatiopAcademic Press, New York, 1986;

a moving medium. Mir, Moscow, 1989, 664 pp.
2V. O. Gladyshev, JETP LetE8, 569 (1993.
CONCLUSIONS 3V. P. Vasil'ev, V. A. Grishmanovskj L. F. Pliev, and T. P. Startsev,

_ . _ _ JETP Lett.55, 316(1992.
The Fizeau effect is usually characterized by the magni-*v. P. Vasilev, L. I. Gusev, J. J. Dengan, and V. D. Shargordgski

tude of the drift of the phase velocity of the superposition Radiotekh., No. 4, 801966.

; - : B. M. Bolotovski and S. N. Stolyarov, Usp. Fiz. Nauls9 155 (1989
field of the excitation and secondary electromagnetic waves [Sov. Phys. Usp32, 813 (1989)].

in a moving medium. It is also convenient to use as thesy, o. Gladyshev, Pisma zh. Tekh. Fiz9(19), 23 (1993 [Tech. Phys.
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The nonlinear dynamics in a paramagnetic maser amplifier is investigated experimentally and
theoretically under conditions such that the active medium exerts a sufficiently strong

feedback influence on the pump field to induce population inversion of the spin levels. Branching
of the inversion ratio due to the onset of bistability in the nonlinear microwave cavity of the
pump at a frequency of 150 GHz is observed experimentally. Conditions are determined for the
possible excitation of new nonlinear resonances when the spin system is inverted by a
standing-wave field, and the stability of the resulting stationary nonequilibrium states of the
paramagnet is analyzed. @999 American Institute of Physid$51063-784£99)01805-X

In recent years the investigation of nonlinear dynamicalat large values oZ, without overheating the crystal, aimj,
phenomena in nonequilibrium dissipative laser-type systemmust be of the order of unity. On the other hand, experiments
has borne a number of fundamental results associated wittn real quantum amplifiet$?*3have shown that in fact ap-
the detection of bistability, deterministic chaos, opticalpreciable deviations from linearity are already observed for
turbulence, and self-organization in stimulated photonBy<1, indicating the prevalence of a qualitatively different
emissiont™ At this stage, however, there is a growing nonlinearity mechanism with no need for such deep satura-
awareness of a shortcoming inherent to lasers operating ition of the spin systemZp=10°—10%) as required by the
the optical range: a high spontaneous emission level, whicmodel in Refs. 5,10, and 11.
generates essentially irremovable multiplicative noise in the A model of resonance saturation of a paramagnet has
investigated systeth.This feature hinders or renders alto- been proposetf;**taking into account the self-interaction of
gether impossible the experimental observation of manyhe saturating field through a system of active centers in a
complex deterministic states and motions, which becomenicrowave cavity forg,=27./7,<<1, wherer, is the photon
blurred, distorted, and even obliterated by internal quantuniifetime in the free microwave cavity. Unlike the older
noise. On the other hand, there is a class of stimulated emisaodel>'%!! here the nonlinearity parameter is defined as
sion systems, such as masers, which operate in the micr@qugon(co)/Qm, whereq,=27./75, & is the renormal-
wave range — in particular, paramagnetic masers thazed nonlinearity parameter, which does not dependjpn
amplify electromagnetic signa$ and phonon masers, in- QEO) is the intrinsic loaded) of the microwave cavity out-
cluding hypersound amplifiers and oscillatdts— for which  side magnetic resonance regions, &l is the magneti®
the spontaneous noise level is approximately 15 orders abf the investigated dissipative systdparamagnet- micro-
magnitude lower than in lasefswing to the cubic frequency wave cavity at the pump frequency without saturation of the
dependence of the spontaneous emission intensitynse-  spin transitions. In Refs. 14 and 15 it has been found that in
quently, the concepts of optical-range quantum electronicthe cas&>1 such clearly pronounced nonlinear phenomena
can be exploited to advantage in setting up experiments withs bistability, self-modulation, instability, etc., can occur in a
microwave dissipative systems, which can be regarded adissipative system of the kind discussed here even for
deterministic under far more general conditions, for exampleZp,=10—10? as a consequence of strong internal feedback in
in a fine stratification ofphase space or in the vicinity ofthe microwave cavity. Consequently, the conditions for va-
nonequilibrium phase-transition poirtts. lidity of the nonlinear saturation modéf'® are fully consis-

The possibility of observing nonlinear processes in matent with the true values of the control parameters in maser
ser amplifiers was first discussed back in the 19683 but  amplifiers®=** and this fact, in particular, adapts the model
the nonlinearity parametds,, obtained in the papers was quite well to the analysis of previously observed nonlinear
equal to the product of the pump transition saturation factodynamical processé<$:1213
Zp and the ratior=7,/7,, wherer, and v, are the trans- The most intriguing consideration, however, is the pos-
verse and longitudinal spin relaxation times, respectively. Irsibility of the onset of branched dynamical stationary states
contrast with laser active media, wherean be of the order in the maser pump system, which have been predicted by the
of unity, the paramagnets used in microwave-range quantumew model*!° but have yet to be observed experimentally.
amplifiers have typical values=10 6—1078. This charac- Branching of the paramagnetic susceptibility in the pump
teristic hinders actual observation of the effects predicted iransition implies that the ordinary monostable regime of
Refs. 5,10, and 11, because it is difficult to attain saturatiorstimulated microwave emissidfis transformed into a mul-

1063-7842/99/44(5)/5/$15.00 570 © 1999 American Institute of Physics



Tech. Phys. 44 (5), May 1999 Makovetskil et al. 571
tistable regimé;>'*® which can be accompanied by a
hysteresis-type dependence of the maser @aion certain
control parameters, for example, on the pump input power

P, the magnetic field detuning of the spin syst&rhl=H

—Hy relative to the peak of the pump resonance lithg, 2

etc. The main objective of the present study is to conduct an

experimental search for conditions under which such nonlin-

ear effects take place in a paramagnetic maser. e
The investigations were carried out on a millimeter-

range maser with an active crystal of andalusite

Al,SiOs:Feé" (Ref. 6), in which additional conditions were 0

established for efficient self-interaction of the pump field .10 .15 .20 .25 .30 35

through a system of spins precessing in a static magnetic r,W

f'eld_H' The fieldH Was Or'e_nted along the crystallqgraphlg FIG. 1. Experimental plots of the widtAG of the hysteresis loop as a

c axis of the andalusite. Owing to the strong zero-field split-;,..iion of the pUMp poweP.

ting of the spin doublets of the Fé ion in andalusite

(116.1 GHz between the first and second doublets and

232.2 GHz between the second and third doubles$s a

pump frequencyQp=143.6 GHz the resonance field from 3.3K to 2K, not only did the hysteresis loop not

=H, is only about 5.4 kOe, and the frequency of the ampli-Proaden, its even became considerably narroiég. 1),

fied signal fieldused to record the inversipis, accordingly, ~clearly revealing the nonthermal origin of the hysteresis.

Qs=43.5GHz. Also, since very low pump power scanning rates were used
Previous estimatésof the control parameters for such a in our experiments dP/dt<0.1dB/min), neither ordinary

maser have shown that the threshold for the onset of bistdlattice-type nor spin thermodynamic transition processes

bility in the pump system can be greatly exceeded at liquictontributed to the formation of thi€(P) hysteresis loops in

helium temperatures if the system operates in the nonlinedghese experiments.

microwave cavity regime. In the signal channel, on the other  The scanning of the pump power was interrupted with

hand, it is advisable to maintain a traveling-wave regime taest pausesdP/dt=0) lasting at least 3 min witlG being

prevent “intrinsic” nonlinearities in the system recording continuously recorded both for transmission of the upper

the gain of the test fieldls. To ensure optimal conditions branch and for transmission of the lower branch of the hys-

for interaction of the amplified field with the active medium, teresis loop(at each of the working temperatur&s=33 K

a finger-array retarding system was employed with a groupand 2 K. The observed gaiifc remained constant during

velocity retardation factor as high as 50. Stable operation ofuch test pauses within the error limits of our measurements

the maser in the signal channel was provided by a nonrecig—=0.2 dB). The only exception occurred in the very narrow

rocal element made of W-type hexaferrité. tip partsA P of the hysteresis loops, where delayed switching
To establish conditions for efficient self-interaction of of the inversion branches took p|ace' probab|y on account of
the pump fieldQ2p while preserving the traveling-wave re- the critical slowing dowhin the given dissipative system as

gime for the recording signal fiells, the polarizations of o ontrol parameteP*®® approached the bifurcation

these fields were set to be mutually perpendicular, and a_, =
selective filter was added to the retarding system. The si ne\{lalueP '
9sy ' 9 In general, the hysteresis processes in devices of the ma-

power losses at the selective filter wérg<0.2 dB, whereas ser type can be attributed both to transient effects in

t_he pump field unde_rwept ess_ent|ally tOta.ll seco_ndary_ rG]clecr'nonostable pump regimes, as observed previously in experi-
tion from the selective filter with appropriate orientation of

ments with a ruby (AlO;:Cr**) phonon masetand also to
the latter. As a result, the maser pump system operated as Re : ; ; . "
. . . the formation of bistablémultistablg stationary nonequilib-
microwave cavity with a loade® factor Q{”)>200. The @ 9 y q

ianal and h | d led b frium states of such systems, which has been justified
signal-and pump channeis were decoupied by means Ol @qqretically4 15 Hysteresis in a monostable system always

microwave Mach—Zehnder interferometer. There was no ap

) . . 1 exhibits transient behavior and, of course, occurs only in
premable saturation of.the Fe spin system by, the signal certain intervals control parameter scanning rates. For ex-
f'eld_’ so that the_ expe_rlmentglly mgasured _gG!lwas pro- ample, the hysteresis of the gain of the phonon signad in
portional to the inversion ratié, which qualitatively char- scanning as observed in a ruby phonon maser is associated

a.cter.izes the stationary nonequilibrium state of the given dis\'/vith a very long relaxation time in the electron—nuclear sys-
sipative system. _ tem of Al,O5:Cr** (of the order of 10s alT =1.7K). For

At cryostat temperatures of 2—-4.2K in the pump powerg ticiently slow scanning of the control parameter the hys-
rangeP~0.1-0.35W we observed branching of the inver-teresis loop in a monostable system continuously degener-
sion ratio against the background of the total nonmonotonigtes, as has been obserVéar two different configurations
dependenci (P), which was manifested as hysteresis of thefor the monostable pumping of &F ions in ruby.
maser gain during slow scanning of the pump power. Char- The behavior of a bistable system differs significantly:
acteristically, when the cryostat temperature was loweredhe more slowly the control parameter is scanned, generally
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FIG. 2. Typical cross sections of the bifurcation surface in hyperplaééed, ¢} for £,=128.

speaking, the more favorable are conditions for the onset dhe spin systenh, and the normalized)-detuning of the
hysteresi§™ (provided, of course, that the system is structur-microwave cavity frequency are given in Ref. 15. Figure 2
ally stable, and the coexisting branches are not isoladte  shows the main variants of these cross sectighs filled
only requirements are the absence of strong internal noisareas indicate the branching regions of stationary inversion
and not too pronounced fluctuations of the control paramstates of the maser in the plaf@,,P}, and the heavy hori-
eters, so that the operating point of the system in phase spagental line indicates the identical value Bf= 284 for all the
does not go beyond the limits of the basin of attraction of thecross sections The qualitative difference in these cross sec-
attractor corresponding to the scanned branch. Since, a®ns forp,+0 and fore,=0 are clearly evident. In the first
mentioned, spontaneous emission is very weak in amasegase, a® increases, the region of multiple-valuedness of the
the fluctuations of the control parameters are manageabl@,nction K(g,) always remains bounde@lthough not nec-
and stationary saturated-transition states are recorded frosarily continuoysin q,. In contrast, a$ increases in the
the variation of a nc_)nsaturating _test resonance ﬁbg_j the casep,=0 (the lower left cross sectionin Fig),2he usual
result; of our experlr_nent.s.descnbed_above can be 'f)t_efl_oret%-hysteresis part of the functiok(q,) rapidly broadens
Un.equlvoca”y as blstablllty of stationary, noneqUIIIbrlum toward h|gher values 0‘12, Changing into a region semi-
spin states. . bounded ing,, where we infer from Refs. 14 and 15 that the

Consequently, the previously 'propoé‘éﬂs model of  nher asymptotically stable bran&é“’(’)(qz) coexists with
saturation of the spin system in a microwave cavity has beeﬂ1e isolated asymptotically stable branl&r(w%)(q ). In this

) : : . 2).
confirmed experimentally, opening the door to a reexamina- ) (¢0) L
tion of the issue of the excitation of stationary inversioncaSe: Sinc&@Zp/JP<0, the branctK;™(qy) is always un-
states in paramagnetic masers. The most important probleﬂable and is a separatrix for the basins of attraction of the
is the optimum ratio ofr, and 7, for the maximization ok attractors AQ), and A, corresponding to the branches
on the upper branch of the bistable pump system. To analyz'é(fo)(%) and K(3¢°)(Q2)-
this problem, we refer to expressions describing the surface It can be shown that the bran q"‘))(qz) is a continu-
of saddle-node bifurcations in a maser pump systemation of the single-valued functiok(¢0)(q,) after the oper-
[Egs. (5) in Ref. 15. For convenience we introduce the ating point intersects the bifurcation surface, where now
0,-independent pump parametB="P/q,<P and plot the dK(¢=9/9q,>0 over the entire region of variation af,.
cross sections of the bifurcation surface in the hyperplane$his result is fully consistent with the intuitive notion that
{&0,h, 00}, Wherepg=¢/q,; expressions for the normalized the higher theQ of the pump cavity(i.e., the higher the value
pump powerP, the normalized magnetic field detuning of of g,), the larger will be the inversion ratio at a fixed pump
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power. It might appear that the lower brangisually not an  magnet acquires a stationary nonequilibrium state, which at-
inversion branch K(lsoo)(qz) could be disregarded by virtue tains maximum values and smoothly or discontinuously
of its isolation. In reality, the situation is far more compli- decays in a certain intervébr intervalg of g,. It is evident

cated. For example, with the help of E@) in Ref. 15 we from Fig. 3 that this nonlinear resonance is characterized by

find that as), increases, the brandti*®(q,) presses indefi- @ Single-valued or multiple-valued dependenceasn qy;
nitely close to the separatrK(z‘PO)(qz). Consequently, small in a certain interval c_)fqz the inversion state resides very
but finite perturbations drive the system operating point ou lose to the separatriintermediate branghand, not only

0) hat, also contains isolated subintervals in which forward and

of the basin of attracﬂor]_ Of. the attracté:f“gh, te_ll_qn_g the backward saddle—node bifurcations correspond to the same
system from the nonequilibrium state to an equilibrium state__. s . .

; o . : pair of branches of the inversion ratio. Consequently, the
(with a negative inversion factprin other words, the inver-

. . actual width of the observed resonance in these cases is sub-
sion state formed in the paramagnet for laggeas a result of

the in-phase reradiation of the pump field in the microwaveStantla”y smaller than the width determined from the end

. - points of the intervals in whickK=0.
cavity corresponds to a very shallow local minimum of the : .
T . In summary, we have experimentally observed multiple-
potential: Conversely, for the same values @f the inver-

. ' . e valued, nonlinear dependences of the inversion ratio of the
sion state corresponding to antiphase reradiation of the PUMP & <vstem on the bump power. and we have proposed an
field is stable even against large perturbations; the pump enPn syste - bump p ' brop

: . ) X o . interpretation of this phenomenon based on the model of
ergy is spent not on inversion but in maintaining this absc)rp_resonance saturation of the paramagnet in the presence of
tion regime.

Consequently, the inclination to keep increasingGhef self-interaction of the pump field in the microwave cavity,

the microwave cavity with the idea of lowering the pump with the prediction of branching of stationary nonequilibrium

power produces the opposite result: collapse of the inversioﬁtates of the paramagnetic spin systéri. Based on an

state due to the inopoortune arowind broximit :@ﬁ.ﬂ) o analysis of theK(q,) curves obtained from the model of
: bportune g gp Y Bligh Refs. 14 and 15, we have demonstrated the feasibility of
the separatrix. Moreover, “exact tuning of the cavity),

. . . LS : correctly choosing the parameters of the cavity pump system
=0 per seis an exceptional situation in that the slightest y 9 P Y pump sy

T fso as to obtain stable nonequilibrium states having the maxi-
deviation of the pump source from the natural frequency o L : )
mum possible inversion ratio.

the microwave cavity converts the indicated semibounded
region of the cross section of the bifurcation surface into a

bounded(possibly discontinuoysregion in the direction of _ S o o _
the g, axis. This situation corresponds to structural instabil- H. M. Gibbs,Optical Bistability: Controlling Light With Ligh{Academic

. . . .. Press, Orlando, 1985

ity of the inversion states formed as a result of strict in-phasep perge, v. Pomeau, and C. VidalOrdre Dans le Chaos: Vers une
reradiation of the pump field at high values of the microwave Approche Determinsite de la Turbulentiéermann, Paris, 1988

cavity Q. 3G. Haken,Information and Self-Organization: A Macroscopic Approach

; ; to Complex Systen{Springer-Verlag, Berlin-Heidelberg, 1988
Figure 3 shows graphs d{(qZ) for ¢#0 at various 4W. Horsthemke and R. LefeveNoise-Induced Transitions: Theory and

pump levels for the same set of antml param?ters- The reso-appiications in Physics, Chemistry, and Biologpringer-Verlag, Berlin,
nance character of these curves is clearly visible: The para-1984.
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Motion of a particle in a static magnetic field and the field of a monochromatic
electromagnetic plane wave

E. M. Boldyrev
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A solution of the equation of motion of a charged particle in an external electromagnetic field
comprising a superposition of a uniform static magnetic field and the field of a
monochromatic, elliptically polarized electromagnetic plane wave is obtained as the solution of a
Cauchy problem. The resonance case is investigated. An analysis of the resulting solution

is given. © 1999 American Institute of Physid$S1063-784299)01905-4

INTRODUCTION the (complex amplitude of the electromagnetic field, and
is the unit vector in the direction of wave propagation. The

A solution of the equation of motion of a charged par- I .
d gec b wave 4-vector for the electromagnetic field of the wave is

ticle in an external field comprising a superposition of a uni-
form static magnetic field and the field of a monochromatic,
circularly polarized electromagnetic plane wave has been ob-
tained previously as the solution of a Cauchy problem. In
this paper we find an analogous solution for a monochroE" andH" are the electric and magnetic fields of the wave,
matic, elliptically polarized electromagnetic plane wave, en-andH is a uniform static magnetic fieldH is the magnitude
compassing as special cases the above-indicated solution aatithis field).
the solution for a linearly polarized, monochromatic electro-  The gauge conditions for the electromagnetic field of the
magnetic plane wave. wave arepV=0 and divA"=0,

Apart from its purely academic importance, the problem
is also of practical significance in that the indicated type of AW=—[AgVei(kr“°t+c_c_]
wave very accurately matches the electromagnetic field of a 2
laser beam used as the basis of operation of such systems(esc denotes complex-conjugate tejms
the free-electron laser and the undulétdie development
of these systems requires a careful analysis of charged-
particle motion in the given field configuration. _10A

The actual statement of the problgthe primary elec- E=- c at’
tromagnetic wave is represented in its most general orm
the correctness of the solution, and the final solution itself
expressed as an explicit dependence on the initial data, the
polarization amplitudes, and a combination of the sign of the
particle charge and the degree of polarization of the eIectroWhere
magnetic wave are such that the solution can be used directly w @

w

w
_1k>1 kz_na
c c

According to

H=curlA,

1 )
EWZE[EX"e‘("’ ““Diccl,

. . . H w

in practical calculations. Ey=i-Ao, HW=(nxEY).

CONDITIONAL NOTATION AND STATEMENT OF THE Following the standard procedure for taking into account
PROBLEM the polarization of an electromagnetic waveie write the

In this paper X,y,z,ct) are the coordinates of a point in amplitude of the wavefield in the form

four-dimensional space. The three-dimensiovalector in E‘(’)V: ReE‘é"+i Im E\é"
this space is denoted, as usual \by x,y,z] are the coordi- )
nates of this vectora-b denotes the scalar product of vec- @nd define the two real vectors

tors, r is the radil_Js vector of a charged partictg, is the EW=ReEY cos 6+ ImEY sin 6,
radius vector of its initial positionm is the mass of the
particle,e is the kinetic energy of the particleg is its initial EE)Z)= ReEY sin 6—ImEY cos 6,

energy,P is the momentum of the particl®, is its initial

momentumy is the velocity of the particldg| is the charge in such a way that

of the particle,c is the speed of lightp" is the scalar po- EM.E@ =

tential of the electromagnetic field of the wave? and A" o o=

are the vector potentials of the superimposed fiekd§,is  for which the angled must be chosen so that

1063-7842/99/44(5)/5/$15.00 575 © 1999 American Institute of Physics
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- 2(ReEY)- (IMEY)
 (ReEY)2—(ImEY)2’

E. M. Boldyrev

(o) =m0, &(&0)=¢o- (2
It is evident at once from the third and fourth equations

of the system(2) that « is an integral of this system, i.e., an
integral of motion, and therefor@=e,— ¢, . Heresr andr
are related by the equation

We now choose a coordinate system with haxis di-
rected along the vectde{"), whereupon the vectde{? is
directed along either the positive or the negatpaxis; this
condition is taken into account by introducing the vector
gEY, whereg=+1, so thatE{?) is directed along the nega-
tive y axis forg=1 and is directed along the positiyeaxis
for g=—1 (i.e., g is the degree of wave polarizatiprthe z
axis is in the direction of wave propagati¢and in the di-

@ dr
w= E d_§
Taking Eq.(3) into account, we can write the left sides

of the first and second equations of the syst@nin the

()

rection of the uniform static magnetic figldWe introduce form
the admissible transformation of coordinat€s=x, y’' =y, d Wy . o
7' =z, £=t—(z/c). In this systen(dropping the primesthe de|% 3" (0€=0)+Ge s wny |,
components of the electromagnetic field of the primary su- g

erposition have the form w2 @
perposttion hav ~ 3| 9%, COS(wE=0)+ge x|,

H=[—gEY sin (wé—6), EfY cos(wé-0),H],
and we have two more integrals of motion
E=[E{" cos(wé—0), gEP sin(wé—6),0].

wq o
To determine the momentuR(t) of the charged particle =70k Ge SIN (0o~ ) ~Ge T @nYo.
in this kind of external field and to subsequently calculate its

pathr(t) we have the Cauchy problém Wy a
q)y: 77'Oy“'ggez cos(wéo— 0)+gegwhxo-

e de
ar SETg(vXH) G ey, From these integrals of motion, taking E@) into ac-
count, we have a system of equations for the determination
P(tg)=Po, &(tg)=¢p. (1) of x(&) andy(é):

The above-introduced coordinate transformation on the 4y c
set of solutions of problenil) induces the transformation d—§=ge;

X' (£)=x(1), y'(§)=y(1), 2'(§) =2(t), £=t—2z(t)c, where

dy Cw @ c
d_e—cP; d L = —gQe— — COS(wE— )+ ge—wpx— —D,. (4
a: " d_g dé ggea o (wé—0) gecwh a Y (4)

We sete=g,|€|, whereg,= +1 for a positively charged Differentiating the first equation of this system with re-

article, andg.— — 1 for a negatively charged particle: spect tog and taking into account thg second equation for Fhe
P 4. g y gedp determination of(¢), we have the linear homogeneous dif-

[OT o Cc
o sin(wé— 0)+geEwhy+ ;dbx,

le|ESY le|ES P Po ferential equation
“""me ' 2" Tme ' T mer ™ me’ 2
d_X+ 2 E (&_ 2) —0)+(13
e € le[H dé&? “n agewh wh 9% () cos(wé I’
SZE, SOZE, A=E T4, whzm. (5)
In solving this equation, we need to distinguish four
We then have cases:|wy| #|w|, |op|=|w|, ©p,=0, w=0. The last two
d aod cases are treated as special cases of the first. In the first two
ﬁ:Zd_g’ cases we have the total integral of E®), x(£,C4,C5),
whereupon we determing ¢,C,,C,) from (4) and then, us-
and problem(1) has the form ing Eq. (3)), find m,(C;,C,) and m,(Cy,Cyp). We find
dr, m,(£,C1,C,,Cy) (Cy, is additive and z(¢,C,,C,,C,,C,)
d_§ =0ew; COS(w&—0) +gewpy, (here_CZ is additive by eleme_ntary integration from t_he third
equation of the systerf2). Since only three equations are
dry _ independent in the Cauchy proble@) (Ref. 4), from the
d—§=9ewz Sin (w€— 6) — gewny, initial conditions we have six equations to evaluate the four
arbitrary constant€,, C,, C,, andC,, but only four of the
dm, 1 ) six are independent, and we can therefore solve four equa-
d—§=gea[7rxw1 cos(wf—0)+gmyw; sin(wé—0)],  tions in four unknowns to evaluate the indicated constants
q and thus to solve the problem.
&

1
d—§=ge;[ﬂxwl cos(wé—0)+gmyw; sin (wé—0)],

In the third case the first two equations (@ are inde-
pendent, and the system is therefore solved by elementary
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integration without using the integrals of motidn, and®,; =R (€ — &0) 2+ Rh(£— £o) + Rog(£— &) Sin Awé— 6)
all six constants of integration are additive and are readily , o ,
evaluated from the initial conditions of the Cauchy problem  +Rg, C0s 2wé—60)+Rgs sin Awé—60) +Rgg.
2.
In the fourth case the integration of the equations and th€ase w,=0
evaluation of the constants are described in detail in the reg—<
=Wq4(&—&y) + W4, CcOS —6)+ W3,
evant literaturgsee, e.g, Ref. Mand will not be given here. (€~ &) 12 (05— 6) 13
It is therefore unnecessary to analyze this solution. Y=Wo(€— &) + W, cOS(wé— 6) +Wog,
SOLUTION OF THE PROBLEM 2=Wai(£= o) +Wap Sin Aw¢—6) +Wss COS(wé = 6)

The indicated solutions are given below. Wsy Sin (0= 6) + Was,

W o _ ’
Case || #|o| my= Wiy Sin (w&—60) + W5,

x=C11 COS wh(£— &o) + Crp SiN wh(E— &) my =Wy, COS(wé— 0) + Wy,
+Cy3C0S(wé— 0)+Cyy, m,=Wg; C0S 2wé— 0)+ W3, cOS(wé— 6)
y=C21 COSwp(&— o)+ Cop SiN wn(§—&o) +Wgs sin (wé—6)+Wg,.
+Cy3Sin(wé—6)+Cyy, Case =0
2=Ca coswn(£~Eo) ~ (0= )]+ Cgp cOS[wn(£~ £o) X=Hy; COSwp(£—&o) +Hyp SiN wn(§—&o) +Hyg,
*(@f=O)]F Casinl{wd=E0) = (wi=6)] Y=Ha1 COS (£~ o)+ Hap SiN (£~ £0) + Hos,
+Cay Sin[wh(§—&o) + (0~ 0) ]+ Cgs sin Awé— 6) 2=Hay(é—Eg)+Hap,
*Cad &= o)+ Car, = Hi; oS (£ o)+ Hip Sin wn(£—£o),
7= Caa COS (£ L)+ Ciz SN wnl £ Lo) my=Hiy 0OS (£ &) +H3, Sin wi(6— o),
+Cizsin (wé—0), m,=H}.
my=Cp1 COS wh(§— &p) + Chp SiN wp(§—&o) In every case we have(w,—mg,)+s&o. The coeffi-

+Clhy cOS(wé— ), cients, which we callnot altogether correctlyamplitudes,

Cij, Cj, Rij, R, W, Wjj, Hj;, andHj;, are given in
m,=C4; CoS[wn(é— &) — (w&— )]+ Cj, cos[ wn(E— &o) Ref. 5. The numeri.cal valueg of the subscriiptare evident
o at once from the given solution.
+(w€—0)]+Cgg sin[wh(§—&o) — (wE—0)]
+Cqy sin[wp(§—&o) +(wé—0)] ANALYSIS OF THE SOLUTION
+Cj5c0s Zwé—0)] +Cgq. It is evident from the solution itself and from the ampli-
tude expressions that the motion of a charged particle in the
Case |wy|=|w| indicated superposition of fields is a fairly complex process
_ . and in general is not obtained as the simple superposition of
X=Ru(£=&o) sin (0= 6)+ Ry, Cosw(£—&o) its motions in the electromagnetic field and in the uniform
+Ry3 Sin w(&— &) + Rya, static magnetic field. Consequently, the analysis of the solu-
tion (which clearly reduces to an analysis of the amplitudes
y=Rx(£— &) cos(wé— ) +Ry; cOsw(£— &) is voluminous if one seeks to take into account all the con-

stants on which the amplitudes depend. We shall confine the

+Ry3 SiN w(&—&g) + Roy, . . L
23 (6= o)+ R analysis here to a realm of unquestionable physical interest:

Z=Rg1(£— &) 3+ Ry €— £0)?+ Rag( €— &) the existence of initial and other conditions under which the
particle moves in one plarne=const ory= const(without
+Raa(§= £o) €OS ZwE— ) + Ra5 €OS 20(£— £o) sacrificing generality, we restrict the discussion to the latter
+ Rgg Sin 2w(£— &) + Ra7, plang and the asymptotic behavior far>1.
. , We say that an expression is zeroth-order if it is
my=Ry1(§—&o) cos(wé— 6)+ Ry, cosw(E— &) O(1/0°) (i.e., does not depend an) and that an expression

o is first-order if it isO(1/w?t), etc.
Ry Sin w(&= &), Next, from the explicit expressions for the amplitudes
my=R51 (£~ &) Sin (wé— 0) + R}, cos w(&— &) we can regard them conditionally as either independent or
such that they can be expressed in terms of the latter. In the
+Ry; sin w(§— &), ensuing discussion we write the values of the amplitudes in
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special cases only for independent amplitudes, with the ex=gg.w,, from which it necessarily follows that the case

ception of the asymptotic expressions, because in generhb,|#|w,| be excluded, and we actually have the case of

this dependence does not contain the orders of the ampléircular polarization. Upon satisfaction of the additional con-

tudes. ditions o, =ge(w,/w)sin(wé—60) and my,=0 we then

We note that circular polarization occurs whep=w,,  have

while in the case$wy| # || and|w,|=|w| the resulting so-

lution is the same as the solution in Ref. 1. _ C w;

R12= = ge7, — COS(w&o—0),
w

Case |wp|#|w|

We have nine independent amplitudes in this case. For
the particle to move in the plane=const it is necessary that
wahzo, and it is sufficient to set

C [OF .
Riz= 9, 2 sin (wéy— 0),

R PN, PP
w1 . =—1o,+ = — — cos dw&y—0),
Ox:gez sin(wéo— 0) ¥ a7 4 a® w? 0
andmo,=0. It follows at once, therefore, that such motion is c o

impossible for circular polarization in the given situation. In ~ Rss=— g 225 Awéo—0),
this case we have

Cw Cwy R}  sin . Ry ! cos 0).
Clsz_gezgy Cl4:X0+geZES(w§O_0)a 12= ge (0&p—0) 13— ge (wéo—0)

5 All other independent amplitudes are equal to zero.

Coe Coe — } C o It is not necessary to say anything about the asymptotic
24~ Yo, t35T T g 50y behavior in this case, because which is actually the Lar-
mor frequency, is now commensurate with (i=1,2). We

c 1c of can state, however, that to within first-order terms and upon
Cae=7 Mot 7 22 cos Zwép—0), satisfaction of certain conditions, viZ)_=0, a very high

longitudinal momentum, and the vanishing of all other inde-

1c¢ 2 pendent amplitudes in this approximation, we have
C37=zo+———3|n Awépy—0).

8 o2 w? Rip=Hi11, Riz=Hip, Riu=Hiz, Rp=Hyy,
All other independent amplitudes are equal to zero. For R, .—H,, Ry=H,3, Rss=Hs;, Rsz;=Hap,

the indicated asymptotic behavior, to within zeroth order, we
have i.e., the paths of the particle are the same as the paths in a

B _ _ _ uniform static magnetic field. But the same is not true of the
Cu=Hu, Co=Hip Ci=Hig Cx=Ha, momentum, and oscillations of the electromagnetic wave are
Cyp=Ho, Cu=Cys, Czs=Hsz;, Cz=Has, superimposed on the motion in a uniform static magnetic

field.
Cu=Hi1, Ci=Hp, Cu=Hj, Coy=Hy,

Cas=Ha.
. L L c =0
All other amplitudes in this approximation are equal to ase @n

zero, and we thus have motion in a uniform static magnetic =~ We have 11 independent amplitudes in this case. For the
field. To within first-order terms, ifro,=mo,, again we particle to move in the plang=const it is necessary that
have an oscillatory process with frequengy for the spatial @,=0 and, assuming in addition that,, =0, we see that
components, but for the moment we have a superpositiothe amplitudesV,;, Wy,, W;3, andW;, do not change, and
of two oscillatory processes with frequenciesand w,, (cf.  the remaining nonzero independent amplitudes are equal to
Ref. 1). Wone
Note that in the low-frequency limit we have an oscilla- 23~ Yo,
tory process with frequency, which for circular polariza-

tion represents helical motion with the indicated frequency. W31— c Top— ge Lo ok sin (wé&g— 6)
Case |op|=|w| 11 w 2
. . 1
Here we have 14 independent amplitudes. The nonzero T da 2 5 COS dwép— 0)+ 3 3|
value of R;; makes the motion in this case fundamentally w? w
different from the motion in the first case. However, the nec- 1 2
essary condition for the particle to move in the plane Wap= — = !
y=const is in factR;;=0, i.e., the conditio)_=0 or w, 8 a? °
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C w1 W, _ 1 w1
W35:ZO+ge? ;WOX COS(wa—H) 33_995 ZWOW
1
3 ¢ o Wy,= 0,9 —ﬂﬂo sin (wgo—6)
—5—2—3$in2(wfo—0). z Ca w X
a” w
1low
Another interesting consideration in this case is the ex- +090e— —Zwoy cos(wé&y—6).
istence of initial and other conditions such that helical mo- @ o
tion occurs, specifically:
CONCLUSION
w w . . .
WOx:gef sin (wéo—0), moy= _ggef cos(wé&— 6). The quantitied,,, andQ_ are defined in Ref. 5. We

have obtained a solution of the problem in the form of di-
Here the amplitudeV,,, Wy3, Wy, Wa3, Way, Wiy, mensionless complexes and ¢, but the transition to mo-
and W5, do not change, and the remaining nonzero ampli-mentum and energy is perfectly obvious from their defini-

tudes have the form tions.
11 02— To transform back from the variableg,{,z,c£) to the
Way=—| o, + = — 1 - 2 05 Fwéo—0)|, varlaples k,y,z,ct), it is necessary to solve the nonlinear
a 4 a , equation
1 c wi—w) £+ @ —
W35:ZO+§_2 2 sin 2(w§0— 0), Cc )
o w

Considerations set forth in Ref. 4 show that a solution
&(t,2) of this equation exists and is readily determined
numerically. It is simple to find th is solution in the given
asymptotic representation, since the particle in fact moves

i.e., we have pure helical motion only in the case of circulargz
polarization.

The asymptotic behavior in the zeroth approximation is
extremely simple: uniform rectilinear motion. To within uniformly along thez axis in this case.
first-orfjer terms the amplitudéy, W21_’ \_Nil' WiZ_’ War, ) In closing, the author wishes to thank A. P. Vorob’ev for
and W, do not ghange, and the remaining amplitudes withy yiscussion and for comments.
nonzero values in this approximation have the form

Wiz=Xo, Was=VYo LE. M. Boldyrev, zZh. Tekh. Fiz67(2), 94 (1997 [Tech. Phys42, 206
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c 1 w; 2G. Dattoli and A. Torre, inFree-Electron Laser TheoryCERN 89-03
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@ a w 3V. G. Levich, Course in Theoretical Physidsn Russiad, Vol. 1 (Mos-
cow, 1968.
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The dynamics of a high-current (36 10* A) electron beam with energies of 2010° eV and
picosecond duration (13° s) at the output of the accelerator tube is investigated. The

slowing of electrons by the residual positive charge on the surface of the tube is found to have a
significant influence in the case of short pulse durations. The distance of the electron beam

from the surface of the tube in vacuum is estimated on the basis of a one-dimensional model. It
is shown that the electron radiation can travel to a distance of several centimeters from the
surface at current densities below 20 A/ nwhereas at high current densities the beam is trapped
near the surface. €999 American Institute of Physids$$1063-784£99)02005-X

The electron radiation field of a high-current picosecondbeams is usually greater than 0s. For such pulse dura-
acceleratdr’ is formed in a vacuum diodéube and exits  tions in air or in other media into which the beam is emitted,
through a window transparent to the accelerated electronghere is sufficient time for a conductivity to develop, attenu-
The characteristics of the radiation are determined by theting the retarding field. At pulse durations of 0 s or less
load imposed by the cathode—anode unit of the tube on thehe conductivity does not have time to suppress the retarding
coaxial long line supplying voltage to the tube. Owing to thefield, and the slowing effect is appreciable. In this paper we
long line, which generally has high resistanee50(1), the  investigate the electron slowing effect for beam output into
impedance of the cathode—anode gap of the tube is domiracuum, when suppression ofthe retarding field by conduc-
nated by the resistive component. Evidence of this conditionivity does not have to be taken into account. At a later time
is found in the identical profiles of the incident and reflectedwe propose to investigate the output of an electron beam into
pulses in the coaxial line. The resistance of the tube dependair with allowance for the conductivity induced in it.
on the one hand, on the area of the emitting surface or the The general relations for the slowing of an electron
number of emitting centers and, on the other, on the distandgeam by a positive charge induced on the anode of the tube
between the cathode and the anode. are best understood in thesimplest model of instantaneous

In addition to the resistive component, the impedance otmission of a plane layer of electrons with identical velocity
the tube can also contain a small capacitive component, pafrom an infinite plane. It can be shofihthat the beam-
ticularly in the case of the IMAZ-150Bube? where a gra-  squeezing Lorentz force in an axisymmetric, relativistic elec-
dient shield of relatively large size is used to protect the searon beam of finite transverse dimensions is equal in order of
between the cathode holder and the glass against breakdownagnitude to the repulsive force of the space chaig¢he

The electron energy and the beam current can vary ovespproximationv~c). We can therefore use the approxima-
wide ranges, depending on the ratio between the impedanci®n of one-dimensional motion of electrons perpendicular to
of the tube and the wave impedance of the line. For high tubéhe plane. Moreover, when the electron layer moves to a
impedances the accelerating voltage can attain extremebljistance of the order of the beam diameter, the electric field
high levels, tending to a value of twice the amplitude of thebetween the electron layer and the in-plane positive charge
pulse traveling in the line. The beam current is not very highcan be assumed equal to the field in a plane capacitor:
in this case. Conversely, a low impedance of the cathode—

. . E:q/SOS, (1)
anode gap corresponds to low electron energies and high
currents, ranging up to tens of kiloamperes. whereq is the charge of the emitted electross 7rr? is the

When the tube emits a picosecond (1®s) electron cross section of the electron beanis the beam radius, and
beam into free space, a special problem encountered is thg=8.854x 10 *?F/m is the permittivity of free spac.
slowing of electrons by the field of the positive charge in-  The retarding electric field can attain huge values for
duced on the outer surface of the tube. Depending on thhigh-current tubes. For example, if the tube current is
magnitude of this retarding field, the electron radiation can =1 kA and the pulse durationis=100ps, the emitted
either be pulled, extending out to several centimeters, or beharge isg=1x10"’C. For a beam of radius=4 mm the
squeezed toward the anode, in which case the beam onfield is E=2.25x 10° V/m.
reaches a few millimeters or even a fraction of a millimeter ~ The electron layer is effectively subjected to one-half the
from the tube. field (1).° The maximum distance of the electrons from the

It is important to note that the electron slowing effect is surface of the tube can be determined from the energy con-
not discussed anywhere in the literature on the transport afervation law without solving the equation of motion of rela-
electron beam$,’ because the duration of the electron tivistic electrons in a static field,

1063-7842/99/44(5)/4/$15.00 580 © 1999 American Institute of Physics
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L=2W/e-E=2U/E, (2
Qi:f I(t)-dt. 0
whereW=e-U is the initial kinetic energy of the electrons, At
U is the accelerating voltage in the tube, agser1.602 It is readily verified that the total charg@ contained in
X1071°C is the charge of an electrdfi;at U=1MV the  the current pulse is
distance of the electrons from the surface of the tube is
~9 mm.

The stopping time of the moving electrons can be deter-
mined analogously from the momentum conservation law,

2T
sz [(t)-dt=1pal - (8)
0

For each layer there is a corresponding figJ¢gproduced
2p by thechargey; according to Eq(1).

T eE’ (3 The procedure used to calculate the effective fl&ldi

acting on each layer is more complex than in the case of a
wherep—the initial electron momentum depends on the ac=single layer, especially when allowance is made for the fact
celerating voltage of the tube: that layers having different velocities overtake each other
during their motion. Each layer, situated at a distaxge
from the surface of the tube, is subjected to the total figld
from more-distant layers a¢;>X;, but is not affected by the
fields from less-distant layers & <X;, and is subjected to
m=9.109< 10" 3'kg is the electron mass, ant=2.9982 half the field from the given layarand from layers situated
X10® m/s is the speed of lighf} at U=1 MV we obtain ~ at the same distance as this layg~=X;
T=4.2x10" s, 1

It follows from Egs.(1)—(3) that the slowing effect is Eiei= > E+= > E;. (9)

more pronounced the higher the surface density of the emit- Xj>X; 2 Xj=Xi
ted chargeg/S or, at a fixed pulse duration, the higher the

beam current density=1/S. In the given example we have layer X; at the end of the step and the momentum of the

1%2'2 Ar(mrtnz . f the sinale-l del is th electrons are determined from the integrals of motion of the
shortcoming ot the single-layer model 1S the assump-gq.4rons in the static fielE; .. The field E; o is deter-

tion that electrons are instantaneously emitted with |dent|ca§“ned again for a new layer positioy, and the procedure

velocities, so that the layer subsequently moves as a unbtf calculatingE; 4, the layer positiorX; , and the momenta

whole without breaking apart. In reality,the electron pulseis repeated cyclically.

has a finite duration, and the accelerating voltage, which dic- Figures 1a—c show the results of calculations of the dis-

tat:es the initial electron velocity, varies during the life of thetances of the electron layers from the surface of the tube for
pulse. an electron beam of radius=4 mm and various tube cur-

b "Inhthe (;nylula;(;er mc()jdel of (?Itehctron be?m slowmg th? rentsl .. The pulse is assumed to be partitioned into 12
ell-shaped ime dependence of the current 1S approXimatey hintervals, which is sufficient for obtaining correct compu-

by the equation tational results. The test of sufficiency of the number of sub-
1 - intervals is considered to be the minimum number above
I(t)= §|ma>{1—CO{?t>

,  0=<t=<2T, (5) which no change is observed in the behavior of ¥jét)
wherel s is the amplitude of the current, arfdis the pulse ~ densely filled with theX;(t) curves.

T

eu |’
p=mc 1+ —| —1, (4)

m

In each computational time step the position of each

curves, the plane of the figure merely becoming more

duration at half maximum(FWHM); the duration of the It is evident from Figs. la—c that the layers do in fact
pulse at its base is? overtake each other in the course of their motion. Layers
The accelerating voltage is approximated by the analoWith the highest initial electron energy, being emitted close
gous equation tot~T and carrying the maximum electric charge, determine
the characteristic distance of the beam from the surface of
1 T the tube. Even at the instant of emission these layers are
U(t)= §Umax{1_005<?t } O=t=2T, subjected to a substantial retarding field from the preceding

electron layers. On the other hand, the layers of lower energy

whereU . is the amplitude of the accelerating voltage.  emitted from the tube during an earlier stage of the process,

The motion of the beam beyond the limits of the tube iswhen the retarding field is not as strong, move to much
calculated as follows. The base-line pulse duratidn i2  greater distances, as, for example, in the case of the third
partitioned into a number of identical time subintervals oflayer (t~50 ps) in all three figures.
width At;. Usually 10—-20 subintervals is sufficient. The In the multilayer electron beam model the outer bound-
electrons emitted in each time subinterval in the calculationsiry of electron distances from the surface of the tube is dif-
are consolidated in a single plane layer. Each layer is aduse: Different layerstravel to unequal distances. However,
sumed to be emitted instantaneously at the midpoint of théhe highest-energy layers, which carry the maximum charge,
subinterval with a velocity corresponding to the acceleratingraverse approximately identicalithin ~20% scatter dis-
voltage at that time. The electric charge of the layer is tances. The analytical expression derived for the distance
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FIG. 1. Distances of layers of the electron beam versus time for an accelerating voltage aniplijidé MV, a FWHM pulse duratiod =120 ps, a beam
radiusr =4 mm, and various characteristic layer distandesQ.8T) and current amplitude$a) L~6 cm, | ;,5,=0.17 KA, (b) 4 cm, 0.25 kA;(c) 1 cm, 1 kA.

of the beam from the surface of the tube on the basis of theurrent amplitudd ,5,=10 kA (j=200 A/mn?) the range

single-layer model is valid for these characteristic layers ifis L~1 mm, i.e., the beam is trapped near the surface of the
the charge of the layag=1,,,At is assumed to be concen- type.

trated in the time intervaAt~2s-r/c, during which light
traverses a path equal to the circumference of the beam:

U max

L%80cr
lmax

Calculations of the energ® transferred by the electron
beam to an irradiated surface parallel to the anode surface of
the tube at a distandefrom it are equally informative here.

(100  We consider two limiting cases. In the first case we assume

that the electrons incidenton the surface no longer impede

As in the calculations based on the multilayer model, Eqgelectrons following them. Physically this assumption implies
(10) indicates the occurrence of beam trapping in the tube athat the electrons in effect slip off of the irradiated surface

sufficiently high currents. For example, for a voltage,ax
=1MV, a beam radius =4 mm, and beam currents,,,
=1KkA (j~20 A/mn¥) the rangel is ~1 cm, while for a

onto the tube, i.e., electrical contact is established between
the surface and the tube. The results of the calculations for
this case are shown in Fig. 2a. The distance from the surface
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FIG. 2. EnergyD transferred by the electron beam to an irradiated surface situated at various distdrarasthe surface of the tube versus the current
amplitudel ., for a nonisolateda) and an isolatedb) irradiated surface.

is varied from 1cm to 3cm. In the second limiting case wesideration for our discussion is the validity of the model in
assume that the electrons incident on the surface stay thetiee investigation of electron beam trapping near the surface
and continue to slow down later electrons. Physically thisof the tube.
situation corresponds to a dielectric plate isolated from the This work has been performed as part of a research pro-
tube. The results of the calculations are shown in Fig. 2b. gram under Project No. 510 of the International Scientific-

Our estimates of the distance of electron radiation withTechnical Center. The underwriting organization is the Eu-
energy~1 MeV indicate the significant influence of the re- ropean Union.
garding field generated by the positive charge induced on the
outer surface of the anode window. If the electron current of
the tube is higher than 1 kAi' (:20 A/mmz) the influence is 1G. A. Zheltov, Picosecond High-Current Electron Acceleratdia Rus-

t to t the b | t th, . fthe tub sian|, Energoatomizdat, Moscow, 1991.
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yond the limits of the tube in this case, and its energy at a’N. G. Pavlovskaya, T. V. Kudryavtseva, S. I. Draet al, Pribory Tekh.

; ; ; Eksp., No. 3, 221993.
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Influence of the initial state of adatoms on the ratio of atoms and ions in a sputtered
particle flow
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The role of the initial state of adatoms in the formation of the charge composition of a sputtered
particle flow is investigated. Calculations are carried out for alkali metal atoms adsorbed

on a tungsten surface and subjected to mutual dipole—dipole repulsion. It is shown that the escape
probability (yield) of positive ions diminishes as the surface density of adatoms increases,

an effect that is enhanced when the initial state ofthe adatoms is taken into accouh®999
American Institute of Physic§S1063-784£99)02105-4

1. A basic question arises in the theory of electron ex-used here is such thd@t=1), the first term, which is the
change between a sputtered particle and a metal sutfice: so-called memory term in that it specifically contains infor-
When a particle leaves the surface of the solid in a certaimation on the initial occupation number of the particle, is
charge state, i.e., as an atom or an ion, does it retain that statenitted. Indeed, if the particle is assumed to interact with the
or does charge transfer takes place, changing an atom into aabstrate during a short time intervaland if, at the same
ion or changing an ion into an atom? Thequestion of thdime, the half-widh o f the quasi-level remains approxi-
excitation cross section of the atom or ion is ignored heremately constant and equal t,, the first term on the right-
and it is immaterial from this standpoint what kind of activ- hand side of Eq(1) has the form
ity (ion, electron, or neutron bombardmgistresponsible for
sputtering. The probability of surface charge transfer is de-  (N(0))eXp(—247). @
scribed by the occupation number for aparticle escaping to Settingr=r, /v, wherer, is the ionic radius and is the
infinity (n(=)), which has the following significance in the qrmga| (to the surfack component of the particle velocity,
given context: If(n(=))=1,the sputtered particle flow con- e find that forA,=1 eV andv=10° cm/s the first term is
sists entirely of atoms, fofn(=))=0 we have a flow of 4 the order of 101 and can be omitted. In the opposite
singly charged positive ions, and forQn(=))<1 the flow jimit when the particle is assumed to interact with the sur-
contains both atoms and ions. We assume here that only ong.e throughout the entire process, and the width of the

single-electron orbital is active in charge transfer; this asqagj-level decreases exponentially with increasing distance
sumption is admissible when the flow contains only atoms;om the surface. i.e.

(with zero chargeand ions with charge-1. It is customar-
ily assumed that the initial state of the particle can be disre- A(z)=Agexp(—2vyz) (©)
garded altogethér.2 The reasoning is as follows. In the ex-
pression for the occupation numbgm(«)) of a sputtered
particle escaping to infinity:

[z is the distance of the particle from the surface,
=1A"! is a characteristic reciprocal length, amg-v
(t—1tp), v=consi, the first term has the form

(n(oc)>=<n(0)>exr{—2f dt’.A(t’)} (n(0))exp(—Aq/yv) (4)
t
’ and is of the order of 10’. Consequently, the first term of
+7T—1f do-f(w,T) fmdt,-(A(t/))l/Z Eg. (1) can be disregarded at velocities of the order of
RS 10° cm/s.

) However, information on the initialadsorbeg state of
the particle is contained not only in the first term of Ef),
but also in the second term, specifically in the quasi-level
1) shift function A. As a rule,A is interpreted as a hybridized
shift, which is related to the broadeniny by dispersion
({n(0)) is the occupation number of the particle at the timerelations. HoweverA can also be interpreted as the shift of
of sputteringty; 2A is the quasi-level width resulting from the quasi-level due to other interactions, for example, the
the finiteness of the electron lifetime on the sputtered parinteraction of an adatom electron with its image in the
ticle; e* =e+ A, wheree is the position of the level of the metaf~° or the dipole—dipole repulsion of adatoms. The lat-
particle escaping to infinity, and is the quasi-level shift ter phenomenon is the subject of this paper.
due to interaction with the metd;is the Fermi distribution 2.1t has been showrthat when ions adsorbed on a metal
function; w is the energy variable; and the system of unitssurface are subjected to dipole—dipole repulsion, the effect of

Xexp{ —iet'— det”[is*(t”)JrA(t”)]]
t/

1063-7842/99/44(5)/4/$15.00 584 © 1999 American Institute of Physics
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TABLE . Initial data and parameters of the model. NML:d—z! whered is set equal to the distance between

Parameter Li Na K Rb cs hearest neighbors in the bulk of the alkali metal. The values
of d are given in Ref. 9. The work function of the tungsten

I, A 113 1.39 1.85 1.99 2.24 : ;

d A 2.02 3.66 453 vy 524 (110 surface is taken from Ref. 8 and is equal to 5.25eV. To

£ eV 1202 1021 957 9.05 907 estimate the quasi-level shift, we use an equation derived in

Nlx 101 cm? 0.91 1.34 2.05 2.34 2.74 Ref. 10:

Qpn, eV -0.14 0.11 0.91 1.07 1.36

Ao, eV 2.16 1.47 0.96 0.84 0.72 A _5_7TV ®

D, eV 22.4 18.8 16.3 15.4 14.8 0"z, T

wherez is the number of nearest neighbors in the bulk of
the substratez,=8 for tungstein andV, is the matrix ele-
ment of interaction of nearest neighbors in the bulk of the
alkali metal; we interpre¥, as Harrison’s universal matrix
element Vg, = —1.32¢%2/md?), where m is the electron
Aog=£-0%(1—n), ¢£=2€%2N32A, (5) masst!

4. We now determine the charge composition of the
sputtered particle flow. The following consideration must be
addressed in this regard. In calculating the occupation num-
ber of an atom in the adsorbed state, naturally, the work
;unction must be interpreted as the work function of the
metal substrate, i.e., in our case the work function for the W
We note that the approach developed in Ref. 7 is Vahd'(llO) surface. But the”n when a particlg leaves the SL_Jrface, it

mmedlately ‘senses” the work function of the entire ad-

?hen;r?nl:ﬁ/n Srr:]e\;i\llklrkg% 2”2/ rl:p ft'?h CO\éerar%eZ corrtesn;])ogdmg tsorbed system, i.e., the work function of the substrate coated
) e u orkTu (.: O. 0 . € adsorbed system, ecaussvlth a film of the alkali metal. This is the work function that
it does not take metallization into accousee below.

The occupation number of an adsorbed adator] must be taken into account in calculatifig(«)) (Refs. 10

and 12—1% It has been showrthat when alkali metals are
n=(n(0)) is determined self-consistently on the basis of the
adsorbed on a metal substrate,the adsorption-induced change
Anderson—Newns Hamiltonian from the equation

in the work function of the substrat®g is
1 QO+ A _ B 5

n=—arctanT (6) Ap=—P-0-(1-n), D=4meINy,_. 9
whereQ)= ¢ —1 (¢ is the work function of the substrate, and
| is the ionization potential of an adsorbed ajorit is as-
sumed here that not more than one electron can exist at
adatom, i.e., the formation of negative ions is disregarded.

If Eq. (1) is to be used to determine the statistical — Q
weights (or escape probabiliti¢sof neutrals (atomg P° a) 0=0+A¢>0, (n)= —exp( - S_Ob)' (10
=(n(=)) and positive ion$ " =1—(n(x)) in the sputtered
particle flow, it is necessary to specify the dependence of the — Q
quasi-level shiftA of an escaping particle on the time or, b)) Q=0+A¢<0, (n)=1- —exp(s—b*). 11
equivalently, on the distance. As is custom&rywe set 0

A=Agexp—\2), (7 Here

where \ is a characteristic reciprocal decay length of the c=A0/(AG+AHY%  b=arctaride/|A]),
elec_tric potentia_l of the surface lattice of dipoles in the di- b*=m—b, so=7v. (12)
rection perpendicular to the surface.
3. To analyze the role of the initial state of an adatom in Equations(10) and (11) have been derived on the as-
the formation of the charge distribution of sputtered par-sumption that =2y, which corresponds to an identical de-
ticles, we consider a specific system: alkali metal atoms adeendence of both the adatom quasi-level width and the
sorbed on th€110) surface of tungsten. The initial data and dipole—dipole potential on the coordinateln general, the
parameters describing this system are summarized in Tabledecay of the dipole lattice potential depends on the coverage
The parameter(half the dipole armin Eq.(5) is setequalto  ®. Indeed, if the distance between nearest neighbors in a
half the sum of the ionic and atomic radii of the alkali metal, submonolayer of adatoms is equal & (here ® =d?/a?,
whose values are given in Ref.(8long with the ionization where, as before] is the distance between nearest neighbors
potentials of alkali metal atomsThis definition ofl enables in the monolaye), the decay of the potential is proportional
us in the first approximation to take into account the transito exp(—g2, where g=(2w/a) is the smallest-magnitude
tion of the almost ionic stat¥ ™ to the almost atomic state reciprocal lattice vector. The equality=2y thus goes over
MO as the coverag® increases. It is also assumed thatto (7/a)= 7. Assuming thaty=1 A~ (Ref. 1), we find that

the latter on an individual ion can be described by an effec-
tive field that imparts a shifi ; to the adatom quasi-level:

where 2 is the arm of the dipole formed by the charge of the
ion and its image in the metadll,,, is the density of adatoms
in the monolayer(subscriptML), ® =N/N,,_ is the relative
density of adatomscoverage e is the positron charge, and
A=9 is a coefficient that depends weakly on the geometry o
the adsorbed layer.

The values ofb are given in Table I. Assuming that the
parameter\ in Eq. (7) is equal to 2 in Eq. (3) and passing
to the low-velocity limit by a procedure similar to that in
Hef. 1, we obtain the following equations fom)=(n()):
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FIG. 3. The same as Fig. 2 for the coefficient

(iong) then have kinetic energies of 105eV and 420eV, and
| the values for cesium atont®ns) are 2keV and 4 ke(we
0.4 8 assumey=1 A~1), respectively. These energies are typical
of sputtering experimentS.As mentioned, the theory in Ref.
FIG. 1. Dependence of the adatom occupation numibésslid curve$ and 7 is valid for coverage® <0.5. These are the adatom den-
decrement of the work functioh ¢ (eV) (dashed curven the coverag®  gitias jnvestigated in our work. The results of the calculations
for Li (1) and Cs(2). . .
are shown in the figures.

Figure 1 shows the occupation numbers of Li and Cs
adatoms and the corresponding variations of the work func-
tion of the adsorbed system onthe cover@genasmuch as

|
0 0.2

the condition=2vy holds for® of the order of unity(see
Table ). H_O\{v_ever, as we are merely. trying to dls_cern thethe level of a lithium adatom at zero coverage lies below the
role of the initial state of the adatoms in the formation of the : .

" . . Fermi level of the substrateX<0), the occupation number
charge composition of the sputtered particle flow, cutting off

the dipole potential at a distaneeof the order of 1A does of a solitary lithium Qdatom IS .greater than 0.5. @S'Il’l-
- ; creases, the adatom is depolarized, and its occupation num-
not qualitatively affect the results of the calculations.

5. It follows from Table | that all the energy parameters ber increases. The quasi-level of a cesium adatom initially

of the model (,£,A,,®) vary smoothly in the sequence lies below the Fermi level. As the coverage increases, the
LiCs. We the’re,fo(r)é confin)(; the calélulations toq'ust thequasi—level shifts downward and intersects the Fermi level of
beginniﬁg and end members of this sequence ijee§et the substrate; this trend is manifested in a sharper depen-
equal to 0.5eV and 1 eV, which correspond to ion velocitiesdencen() for Cs than for Li. The slope of the(®) curve

of 7.62x< 10f cm/s and 15.24 10 cm/s. The lithium atoms 'S also influenced by the narrower width of the cesium quasi-
’ ' ' level.

Figures 2 and 3 show the coefficiertisand ¢ in Egs.
(10) and(11) as functions of the coverage. The decreade in
as 0 increases produces an increase in the occupation hum-
ber(n), i.e., the emission of neutraR®, and a correspond-
ing decrease in the ion escape probabifity, as reflected in
Figs. 4 and 5. It follows from a comparison of the plots of
b(0®) andc(®) that the ratio ¢/b) increases as the coverage
increases. This behavior somewhat offsets the decay of
n(®). For®=0 or (as is equivalent in this casahen the

14
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| J
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FIG. 2. Dependence of the coefficigmbn the coverage. The numbering of FIG. 4. Dependence of the yieR* of Li* ions on the coveragdl) &,
the curves is the same as in Fig. 1. =0.5eV;(2) eg=1 eV.
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p* alkali metal iongand increasing the emission of neutjals
whereAP™ is greater the higher the velocity of the sputtered
ion. For lithium the AP*(®) curves are similar, but the

0.8 differenceAP"=0.01.

The range of adatom densitia®d in which the neutral
andion escape probabilities vary significantly is given by the

0.6 inequality

QO+A¢ 1 14

0.4 Tle— <L (14
ie.,

0.2 o 1 1

®|1-nO;) 1-n(0,|

0 07 07 e Gl' Consequently,_ the initial state of the_at_jatoms is what
) ’ ’ determines the width of the range of variati®(®) and

FIG. 5. The same as Fig. 4 for Cgons. P*(®).

In the present study we have ignored the Coulomb shift

of the adatom quasi-level
initial state of the adatoms is not taken into account, we have
50 =¢e?/4 (16)

b=b*==/2 andc=1. Now Eqgs.(10) and11) go over to the
well-known equation30) of Ref. 1. due to the image forces. For a lithium coatifif=3.19 eV,
The P*(O) curve is steeper, the lower the ion velocity. which takes the quasi-level of the Li adatom from a position
For cesiumP™ (@) varies from values close to unity to val- below the Fermi level of tungsten to a position above it. For
ues close to zero, whereas for lithium it varies approximatelyithium, then, the dependence of the escape probability of
from 0.5 to 0. This difference iP*(®) for Li and Cs is  positive ions on the coverage’(®) is analogous to the
associated with a corresponding difference in the positions alependence for cesiufifFig. 5. The Coulomb shift for the
the quasi-levels relative to the Fermi level of the metal. Thequasi-level of a cesium adatom #)=1.61 eV, which does
behavior ofP (@) is governed mainly by the dependence of not qualitatively alter the dependenBé (0).
the work function on the coverage. Allowance for the initial In conclusion, we have estimated the role of the initial
state leads to certain quantitative correcti¢ese below. state in the formation of the charge composition of a flow of
Note that Eqs(10) and(11) are asymptotic and suffer a sputtered atoms. We have found that allowance for the initial
discontinuity at the coverage determined by the equatiostate is important for the adsorption of alkali metals on the W

S_Z():o, The two branches of the functior(®)must be (110 surface at a certain density of adatoms. For cesium, for

matched at the poir®. Here example, allowance for the initial state lowers the ion escape
probability, on the average, by 15%ig. 6), which is sub-
.1 1 1 stantial.
n(@)=3|1+c| ;- b_*> : 13 This work has been performed as part of the “Surface
R R Atomic Structures” Program.
For cesium we hav®=0.11, which givesn(0)=0.6
andP*=0.4.
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Additional estimategYu. E. Adam’yan, A. N. Berezkin, and G. A. Shneersdétstracts of the

VI All-Union Conference on the Physics of High-Temperature PladimaRussian,

Leningrad(1983, Vol. 2, pp. 387-389; Yu. EAdam’yan, V. M. VasilevsKi, Krivosheevet al,
Pis’'ma Zh. Tekh. Fiz21(23), 43 (1995 [Tech. Phys. Lett21(12), 968(1999]; S. N.

Kolgatin and G. A. Shneerson, Zh. Tekh. F8Z (1), 57 (1997 [Tech. Phys42, 39 (1997]; Yu.

E. Adam’yan, V. M. Vasilevski Krivosheevet al, Abstracts of the VI International

Conference on the Generation of Megagauss Magnetic Fields and Related Expefiiments
Russian, Sarov (1996]} are presented to illustrate the possibility of and to explain the
phenomenon of the acceleration and heating of a conducting medium as it expands
perpendicular to a specified external field. The bulk of this paper is devoted to a description of
experiments where this effect was observed during expansion of a cloud of gas with a
relatively low density formed near a wire as it undergoes an electrical explosion in vacuum. The
experimental data, obtained using additional diagnostics including streak camera
photography and diamagnetic measurements, show that in magnetic fields with an induction of
about 50 T, heating and acceleration of the outer layers of the plasma from the electrical
explosion of a wire in vacuum to velocities of about 20 km/s are observed. A numerical simulation
of the acceleration process is used for interpreting the resultsl9€9 American Institute

of Physics[S1063-78429)02205-9

1. INITIAL ASSUMPTIONS AND MODEL PROBLEMS d
ax(PW=0, 1)
The possibility of accelerating a conducting medium and
heating it intensely in the presence of a rather high axial field du dp
has been demonstrated befdfeThe process proceeds ac-  PUG, =~ g~ 9B (2

cording to the following scheme: a conducting medium

(plasma or liquid conductoris heated by a current induced and

in it as it moves perpendicular to the field. If the field is )

strong enough, the temperature rise is accompanied by an u(%— 7’_pd_p) =(y— 1)5_ 3)
increased rate of thermal expansion, which, in turn, leads to dx p dx o’

a rise in the induced current. Qnder certaln' conditions, the\:/vhereéz 5, is the induced current density ands the adia-
process has a tendency to build up, despite the opposi

& f the el i t H h | >NStic exponent.
efiect of the electromagnetic lorces. Here the acceleration |, may be assumed further that the field strength in Euler

and heating of the medium are at the expense of the enerqy,, qinates isE,=0, which corresponds to the case of a
of the external magnetic field. There is some interest in CONplasma flow limited by conducting plates short circuited to-
firming this effect with some simple models as an examplegether, This implies thad,/o=(—uxB),=uB, or §=ou
The first is a model of a stationary flow of conducting B, Equation(1) implies thatpu= pyu,. We can then elimi-
gas perpendicular to a field. In terms of the model problemhate the density from Ed4)—(3) and reduce them to the
we shall assume that the elements of the medium move alorfgnowing system of two equations for the dimensionless ve-
the x axis at a velocityu,(x) while all the characteristic |ocity U=u/u, and the dimensionless pressure=p/p,,
parametergdensityp, velocity u, pressurep, temperaturdl)  which are functions of the dimensionless coordingte
are constant in time. Boundary values for these parameters; x/x,. The characteristic lengtky, is defined by the expres-
po. Ug, Po, and T, are specified at the point=0. The  sionx,=py/B2cu,.
magnetic fieldB, is equal to zero to the left of=0 and rises The equations for the variablés and P are
discontinuously toB, at the boundary of this region and

2
remains constant beyond it. The stationary flow of a medium d_U _ U (4)
with constant conductivityr is described by the following dx p_ ®_U
system of magnetohydrodynamics equations: v

1063-7842/99/44(5)/7/$15.00 588 © 1999 American Institute of Physics
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UT 4, a ent. For a subsonic flow this force exceeds the drag force, so
' ! ! that the velocity increases over a segment whose length is of
orderXg.
The heating and acceleration of the plasma develop over
a length of ordei, over a time

- Xo  Po

T~ — =~

Up B200

6

0.9 l 1 To within a factor of 10, 75 is a parameter that is
0 0.002 0.004 0.006 known in magnetohydrodynamics, the inductive drag time.
For ®> 1y the plasma is actually slowed down over a time of
x order 5. However, for®<y the significance of this param-
eter changes to the opposite anglbecomes the time scale
over which the plasma accelerates as it moves across the
| field. For a copper vapor density on the order of 1 kijy/m
which corresponds to a density of20n~ 3, accelerating a
. plasma with a conductivity of £0S/m over a time on the
1 e order of 10 ® s requires that it expand across a field with an
oo inductance on the order of 1@. The threshold value of the
i inductance is greater for higher densities and lower

1 d e
2 conductivities®
These qualitative features of plasma heating in a strong

0.5 1 field are confirmed by a series of calculations using the full
0 0.1 0.2 model of a nonstationary radial magnetohydrodynamic flow
% for a hypothetical medium with a fixed conductivity. The
same computer code was used as in Ref. 3. In the model
FIG. 1. I_Darticle velocity anq tempera@ure in a plasma flow as it propagateﬁ,romem it was assumed that the plasma cylinder begins to
g%pe”d'w'ar to a magnetic fieltationary flow modgi(1) U/Uo, (20 gynand in an axial fiel, from an initial state characterized
o by a radius o, temperatur@ o, and densityp,. As noted, the
conductivity was assumed constant. In the calculations inter-
polated equations of state were u§ek the series of curves
and in Fig. 2a shows, the temperature of the outer layers of a
plasma without a field decreases in time owing to adiabatic
expansion(curve 1), but for a conductivity of 16 S/m and
p=1300 kg/n?, by the time a field with an inductance of 5 T
E_ B euU : ®) is applied, the temperature rises rapidly following a drop
- 7 (curve2). Further increases in the external field lead to more
rapid heatingcurve3 for 10 T, curve4 for 20 T, and curve
Here the characteristic paramet@r= poug/po shows up. 5for 50 T). There is no heating in a 50 T field at this density
Numerical calculations for the boundary conditioRg0) if the conductivity falls to 4<10? S/m (the corresponding
=U(0)=1 show that the form of the solution is determined temperature variation for the outer plasma layers is shown in
by the value of the parametér (Fig. 1). If the initial veloc-  curvel) but heating occurs if, along with a drop in the con-
ity of the medium is less than the adiabatic speed of sound atuctivity to this value, the initial density is reduced to 3
the boundaryin this case®>1y), then the velocity is damped kg/m®. (The heating process for this case is illustrated by
with increasingx while the pressure rises. The ca8elyis  Fig. 2b) In electrical explosions of wires, the process is
more interesting; here the velocity increases with increasingnore complicated than in these model problems in that the
x and reaches a definite value at the boundary, where theonductivity depends on the temperature and density.
denominators on the right of Eq&4) and (5) change sign. Previous calculatiofs’ have shown that plasma heating
Acceleration takes place over a segment whose length ddy an induced current and acceleration of the boundary only
pends or®, while the velocity on the boundary of this seg- take place in fields above 1, if the initial heating of the
ment equals the local adiabatic speed of sound. These reenductor is determined by a current with a density on the
marks are confirmed by the examples shown in Fig. 1a andrder of 16°—10'* A/m?. The threshold field can be sub-
Fig. 1b for y=>5/3. In the first(a), we have takef®=2.0 and stantially lower for the low density plasmas which are usu-
in the secondb), ®=0.5. ally formed near a wire as it explodes in a vacuum.

In the most interesting case of a subsonic flow, the in-  If we assume that the particle temperature resulting from
duced currents which develop as the plasma enters the fielsteakdown of a gas and its ionization is on the order of 1 eV,
cause it to be heated and, therefore, lead to the appearancetbén this corresponds to a thermal velocity for copper atoms
an additional accelerating force owing to the pressure gradief ~10° m/s. Over a time on the order ofs, the cloud of

U, T 2

uleu?"tip
dP_ y
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04t 0 0'0"15 s 0.08 012 FIG. 3. Single turn solenoid with an evacuable cylinder containing a wire
il o inside it.
0.3
0.2; on the elements of the discharge circuit. The circuit param-
o1l etersfor the exploding wire were capacitance 3uF induc-
L tance 300 nH, and charging voltage 10 kV.
L { ! | ) ! ! ! The current in the wire was measured with a Rogowsky
g 2 t” & 8 loop and the voltage on the exploding wire, with a voltage
Il divider with a compensating inductive component. In order

FIG. 2. Time dependence of the temperature at the edge of the plasmt:? clar!fy how the Iongltudlnal magnetic field affected the

cylinder as it expands in a longitudinal magnetic field. Initial radigis 1 explosion process, these methods were supplemented by two

mm, To=3 eV. additional channels: streak camera photography of the
plasma light, which made it possible to obtain the radial
distribution of the plasma light of the electrical explosion at

Il times and diamagnetic signal measurements.

gas moves a distance of roughly 1 mm, while the concentra? > )
tion of particles in this zone is on the order of24@n~3.7 Streak camera photography of the plasma light makes it

According to these estimates, for a conductivity 100 S/m, possible to measure the velocity at which the plasma bognd—
we might expect acceleration of the plasma boundary in &Y expands. Figure 4 shows a sketch of the mutual locations

field B,=50 T. The experiments described below confirm ©f the solenoid, exploding wire, and streak camera. The trig-
this hypothesis. gering of the streak camera scan was synchronized with the

time of the trigger pulse to the spark gap in the exploding
wire circuit.

The electrical conductivity of the plasma for a known
expansion velocity was determined by measuring the dia-

In these experiments a copper wire with a diameter oimagnetic signal owing to the magnetic flux squeezed out of
0.2 mm and length of 15 mm was placed in an evacuatethe plasma. The essence of the diamagnetic measurements is
glass cylinderl (Fig. 3) with an inner diameter of 16 mm. clarified in Figs. 5a and 5b. Two windings were located on
During fabrication, the wire was outgassed for a day at ahe surface of the vacuum cylinder containing the exploding
temperature of 400 °C and a pressure of 0.1 Pa. The cylindevire; one of them(the measurement lopgay in a plane
was placed in the cavity of a single-turn solenoid with apassing through the center of the wire and the sedtmel
replaceable destructible insert. The solenoid was powered byompensating logplay in the region of the current lead. At
a low inductance capacitor bank with a capacitance of 648he start of a shot the magnetic field of the external source
uF charged to 35 kV. The maximum inductance was 70 Trises over a characteristic time much longer than the time for
The wire was exploded near the peak inductance by disthe field to diffuse into the exploding wire, so that at the time
charging an additional capacitor bank. The rise time of theofthe explosion, which occurs near the maximunBin the
current in the wire to its peakl us) was considerably field inside the diamagnetic loop is essentially uniform along
shorter than the field rise timé& us). MHD calculations the radius. Then, because the compensating loop is inserted
confirm that under these conditions the longitudinal field carwith a polarity opposite that of the measurement loop, the
be regarded as quasistationary from the standpoint of its ekignal at the output of the integrator is small. The expanding
fect on the electrical explosion of the wire. The design of theplasma from the electrical explosion squeezes the magnetic
current lead to the cylinder with the exploding wire was influx out of the cross section of the measurement loop be-
the form of a “squirrel cage” of thin wires in order to elimi- cause of the azimuthal plasma current flow generated by the
nate any mechanical effect of the longitudinal magnetic fieldradial motion of the conducting medium. Estimates show

DESCRIPTION OF THE EXPERIMENTAL APPARATUS
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FIG. 4. A sketch showing the locations of the exploding wire, solenoid, and I
streak image tubgl) nominal view of the external field solenoit®) ex-
ploding wire with current lead<3) slit diaphragm4) electron-optical im-
age tube(5) photographic film.

) . FIG. 5. a: A sketch of the location of the diamagnetic loops on the surface
that the component of the azimuthal current owing to theof an evacuated cylinder containing the exploding wi@:exploding wire,
nonstationary character of the external field does not have @ currentleadsi3) glass cylinder(4) measurement loo5) compensating
oop. b: Sketch of the summation—integration circuit for measuring the mag-

S|gr_1|f|cant effeCt_ _On the eXplOSIO” process under these e)lnetic flux expelled by the plasma of an electrically exploding wire.
perimental conditions.

2. EXPERIMENTAL RESULTS , . i . o
field (Fig. 8). The profiles corresponding to densities of 100

Figure 6 shows typical oscilloscope traces of the currengng 79 (for the experiment with a fieldare also indicated
and voltage in an exploding wire experiment #8y=0 and right on the streak camera pictures.
50 T. For the given circuit parameters the explosion has  The distribution of the relative local radiant intensity of
practically no effect on the trace of the current through thehe plasma was obtained by processing the photometric scans
wire. The effect of the field shows upas a sharp drop in they the stream camera pictures assuming a cylindrical emit-
amplitude of the voltage across the exploding wire, whichting region that was transparent with a low density. An ana-

indicates a rise in the plasma CondUCtiVity. Pictures of eX'lytiC solution of the Abel equation, i_e_, Abel inversiamvas
ploding wires with and without a longitudinal magnetic field ysed in processing the data:

are shown in Fig. 7.
Figure 8 shows the results of analyzing the streak cam-
era pictures of an explosion; the curves represent the con-

tours of equal blackening of the photographic plate. The pic-

ture in Fig. 7a corresponds to an explosion in a longitudinal 25

magnetic field and is divided int two distinct zones with L atd

differing brightnesses. The outer zone is a rapidly expanding, < 3z

low density plasma. The expansion of the plasma is limited ~ %[ 14

by the walls of the vacuum vessel. The inner zone is much w0k

brighter and expands slowly, almost the same as in an elec- 12

trical explosion without a longitudinal magnetic fie{#ig. g

7b). Thus, it is clear from a comparison of the streak photo- I I I 0
0.5 1.0 1.5 20

graphs that for the parameters of the exploding wire circuit ¢ s
in these experiments, electrical explosions in a longitudinal P
magnetic field differ in having a rapidly expanding, low den- FIG. 6. Oscilloscope traces of the currents and voltages during the electrical

sity plasma shell. ThiS_ is Fonﬁrm?d by cor_nparing t_he CON=xplosion of a wire with and without a longitudinal magnetic fie{d)
tours of equal blackening in the pictures with and without acurrent,(2) voltage forB=0, (3) voltage forB=50 T.
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FIG. 7. Streak camera pictures of electrical explosions of wires in a longi- g
tudinal magnetic field®,=50 T (a) and without a fieldb). 2.5 3.5 o m ;‘2-5 5.5
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FIG. 9. Radial distribution of the relative local luminous intensity of the
outer region of the plasma obtained by processing streak camera pictures for
1 J'a dJd(y) 1 B,=50 T.I is normalized to the intensity of the central region. Titr@s):
w)y dy

I(r)= — (7)  50(1), 150(2), 250(3), 350 (4), and 450(5).

yo—r
HereJ(y) is the distribution of the film blackening along the DATA ANALYSIS
spatial coordinatg; r is the instantaneous radius of the point
at which the source intensityr) is being determined; and,
is the outer radius of the plasma column at the given time. |
solving Eq.(1) the values ofl(y) obtained from photometric X .
scans of the streak camera pictures were approximated stance varies betwegn 0.14 .and a.1F or comparison, we
polynomials. The innermost layers, which are obviously no .ote tha}t in an experiment Wlt'hout a field the resistance at
optically transparent were excluded from the analysis. tlme tz Is close.to 0.2, .Judglng f'rom t.he strgak camera
The results of this analysis are shown in Fig. 9. ThePictures, the brightly luminous region differs little in shots

show that the expansion velocity of the plasma boundary igvith and without a field. We can assume, therefore, that the

close to 20 km/s, which corresponds to a copper ion energ sistance of the high density region is roughly the same in
on the order of 100 eV. oth shots. The measured resistances of the channel differ

because in the shots with a magnetic field the dense plasma

An oscilloscope trace of the diamagnetic signal Ry S ) . .
—50 T is shown in Fig. 10. There one can distinguish aregion is shunted by the low density region. At tilpewhen

signal proportional to the external magnetic field, which iSthe phase transition is completed, the resistance of the outer

present in this trace because it has not been completely corfiP"® of the discharge IS about 0.7 under these assump-
pensated, as well as a signal proportional to the expelleéons' Then we can estimate thg average conductivity, since
magnetic flux, which stands out easily against the back: y t, the plasma fills up the entire cylinder. The conductivi-

ground of the residual uncompensated signal. ties about_ 400 S/m_. . .
The diamagnetic signal together with the measurements

of the expansion velocity of the plasma can be used to esti-
mate the plasma conductivity in another way. The simplest
estimate of the conductivity is based on the following con-
siderationsA®~AB- 7R?, whereA® is the magnetic flux
expelled from the plasma through the time it comes into
contact with the walls an is the vessel radius. SinceB

Figure 11 shows the time dependence of the resistance
r?f the wire in some experiments with a field. Over tintgs
<t<t,, when the voltage on the wire changes little, the re-

T T T T T T VT3

0.20
RO
S
n:“ - b 0.170
4 i S ,
. 3 S'\
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er / ~0.10
I | ] | 1 | J ) - 1 ! 1 1 1 I -
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FIG. 8. Curves corresponding to equal blackening of the streak camer&lG. 10. Oscilloscope traces of the diamagnetic sighpband longitudinal
photographic plate(l) 7, (2) 20, (3) 35, (4)100;B,=50 T (a), 0 (b). magnetic field(2).
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0.20F plasma. In addition, the plasma may be reflected from the
L walls, and this may cause pinching of the plasma and trap-
0 15[ ping of flux. Here we have only considered the initial part of
TR the diamagnetic signal corresponding to expansion of the
L plasma.
S}O. 12 In the next stage of the calculations we solved a com-
- | plete system of MHD equations for the radial flow analogous
0.08F | I to that described in Ref. 3 with the temperature and density
- lt it dependence of the conductivity taken from Ref. 8. Here the
L T |2 initial values of the density and temperature were varied. The
0.04 I [ S I I N R T | . . . U .
0 0.2 0.4 0.6 08 10 calculations yielded a diamagnetic signal that differed sub-
t,lug stantially from the measured signal. Thus, we made a series

of calculations with a lower conductivity, which, as in the
FIG. 11. Time variation of the resistance of the exploding wirefer50 T calculations with a linear radial dependence of the velocity,
(1) and 0(2). was taken to be constant at 20000 S/m. A similar series of

calculations was done for different values of the initial den-

) ] ) ] } ) sity and temperature. The calculations showed that for an
~ighto, Wherei ;~uoBRis the linear density of the induced nitia| density below~5 kg/n? and temperature above3
current andl is the expansion speed of the plasma boundarygy/, the plasma enters a regime of acceleration, accompanied
for B=50 T, u=20 km/s, andR=8 mm, we obtaino ap-  py 3 rise in the temperature of the outer layers to about 100
prox. 100 S/m. For a more exact estimateroive calculated ey The resulting velocity distribution differs greatly from
the diffusion of the magnetic field into a cylindrically ex- {he |inear distribution proposed for preliminary estimates of
panding plasma with a specified conductivity. The diffusioni,e plasma conductivity based on the diamagnetic measure-
equation for the magnetic field in cylindrical coordinates, ents. The best agreement with the experimental data for

B, 9 B, a(ru) o~400 S/m was obtained for the calculation with an initial
e W(Xr 7) —B o (8)  density of~1 kg/n? and an initial temperature-5 eV.

Since radiative losses were neglected in the calculations,
was solved numerically, where=1/(uq0) is the diffusion  the temperature results are estimates. The most reliable result
coefficient for the electromagnetic field; is the electrical  of the test calculations is that for all variants of the initial
conductivity of the plasmay, is the magnetic permeability conditions, a diamagnetic signal close to the measured value
of the mediumpB, is the induction of the longitudinal mag- could be obtained only for conductivities on the order of
netic field, andu is the plasma expansion velocity. It was ~10? S/m, which corresponds to the estimates based on the
assumed that the conductivity is constant over the plasmgsistance of the channel. This estimate is more than an order
cross section, while increases linearly from the axis of the of magnitude smaller than conventional tabulated vafues.
wire to the boundary, which corresponds to uniform expan-The discrepancy may be an indication that the formulas for
sion of the column. Figure 12 shows the diamagnetic signaihe conductivity based on the assumption of thermodynamic
calculated in this way at the time of the maximum plasmaequilibrium of the medium are no longer valid at low densi-
radius as a function of the conductivity. ties, where calculations show that the particle density is ap-

The measured diamagnetic signal corresponds to the cabroximately 162 m~2. Since the azimuthal current density is
culated value for~200 S/m. The drop and polarity reversal —10® A/m?, for these electron densities their drift velocity is
of the diamagnetic signal after it reaches a maximum can bgn the order of 19 m/s, which is substantially higher than
explained by the stopping of the outer plasma layers wheshe jon thermal speed. Under these conditions, the assump-
they collide with the walls of the cylinder, after which there tion of a lack of thermodynamic equilibrium and a drop in
is a “dip” in the longitudinal magnetic field inside the the conductivity owing to the excitation of chaotic oscilla-
tions in the plasma appears to be fully justified.

With the above estimates of the conductivity and expan-

0.0100 sion velocity of the boundary of the wire it is easy to calcu-
late the energy applied to the plasma through heating by the
azimuthal current over a time on the order of £Gs. If the
= conductivity is a few times 20S/m, then this energy is 10
= J/n?, while the current density is-10° A/m?. This estimate
'18- 0.0001 confirms the feasibility of using electrical explosions in very
high fields for plasma heating.

0.0010

2

g ] ]
700 7000 0000

. Sim CONCLUSION
2

) e . 1. It has been shown experimentally that a strong axial
FIG. 12. Calculated diamagnetic signal as a function of the plasma conduc- L . .
tivity for an expansion velocity=20 km/s and radius=8 mm of the  Magnetic field has a substantial effect on the electrical explo-

plasma boundary. sion of thin wires in vacuum. Changes in oscilloscope traces
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The kinetics of polarization switching in ferroelectric crystals is studied using the concept of
fractals. The switching process is found to be multifractal. 1899 American Institute of Physics.
[S1063-784299)02305-3

In this paper we propose a method for analyzing themain walls is the result of the formation of self-similar struc-
kinetics of switching and the shape of the transition currentures(seed—steps
in terms of the concept of fractals, which is based on the Note that fractal analysis goes beyond the geometric ver-
concept of a space—time metric of fractional dimensionalitysion. The spatial disorder of a system leads to a power law

The most widespread models for analyzing the kineticddependence for the temporal relaxation of nonequilibrium
of polarization reversal currents are based on thestates when memory effects are present. Thus, in a Stofly
Kolmogorov—Avrami  (K—A) statistical theory of the dynamics of prephase states in polydisperse ferroelec-
crystallization? Of these the most rigorous are the modeltrics, it has been shown that the polydispersity index is a
theories of Fatuzzband Ishibashi and Takagjiln the modi-  function of the fractal dimensionality and that this index de-
fied K-A theorieS™® calculating the switching current re- termines the time evolution of the system. In Ref. 12 the
duces to finding the fraction of the switched volunit), equations of motion for a domain wall were modified with
out of the total volume of a ferroelectric capacitor. Then thethe time derivatives of integral order being replaced by de-

switching current is given by rivatives of fractional order, so that it was possible to de-

scribe features of dielectric permittivity spectrum which are

) dQ(t) usually obtained by empirical selection of the relaxation time
H(O)=2PA— 45—, (1) distribution functions.

The physical justification for using the mathematical ap-

whereP andA are the spontaneous polarization and the areRaratus of fractional differential equations for analyzing the
of the sample electrode. properties of systems with fractal structures has been dis-

These models are based on simplifications of the domaifiussed elsewhef&*°In particular, it has been showithat
structure dynamics and they also neglect such important fadlsing a fractional time derivative corresponds to taking into
tors as internal screening, stochastic changes in the dielect@écount memory effects in a system. Thus, given the impor-
properties, the effects of anisotropy and delay of the interact@nce of memory effects in polarization-reversal processes in
tions, and the features of the electronic spectrum of the syderroelectrics, we generalize E@) for the switching current
tem. As a result, agreement with experiment is obtained onlySing a fractional time derivative,
for fractional dimensionalities of the kinetic process and it
has not yet been possible to approximate the falling part of i(£)= 2PA iQ(g) @
the current pulse satisfactorily. to dge '

In terms of a number of their dynamic characteristics,
ferroelectric crystals behave as fractal systems. It is knowmvhere é=t/t,, t, is the characteristic switching timey is
that polarization reversal takes place through the appearantiee dynamic fractal dimensionality (a<1), and
of a certain number of seeds for domains of the opposit@P ,AQ(¢) is the switching charge.
polarization which subsequently grow in the forward and  For a=1, which corresponds to the absence of memory
lateral directions. According to the Fatuzzo-Mertz-Miller- effects, Eq.(2) is the same as Edl).

Weinrach- Hayashi modéf,the end and side displacements  In the case where the simplest expression of the form
of the domain walls proceed through wall seed formationQ(&)=1—exp(—¢) is used for the time dependence of the
i.e., the development of seeds on the domain walls. Lateipolarization charge, Eq2) gives

seeds can be formed on growing steps which develop before

the seeds. The appearance of structures of this type can be | 1w ) )

regarded as a sort of intermediate state of the material during 9= T (2-a) & %exp(—§) 1Mi(1-a;2—a;§), ()

a transition from one polar state to the other. The system

manifests fractal properties, since lateral growth of the dowherej(&)=i(&)tg/(2PA) is the dimensionless transition
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0.9F the final stage of polarization reversal. The predominant
value of the fractal dimensionality, which was determined
from the ratioAt(«)/T (whereT is the total duration of the
experiment andt(«) is the time over which the experimen-
tal data for the switching current coincide with the calculated
values for a givery), is «=0.6.

The nature of the dynamic fractal dimensianarises
from the processes involved in formation of the switching
current. Clarifying the specific mechanisms for formation of
a is a separate problem.

In conclusion, we note that the variation in the switching
charge should also be examined using a fractal approach,
-01, 0"5 7 75 Z‘ 25 3 5.‘5 4 4"5 5 5.'5 Whigh would make it ppssible to obtain more detailed infor_—

mation on the mechanism for the restructuring of the domain
structure in ferroelectrics.

J(&)

FIG. 1. The switching currenjt(¢) in a thin film of KNO; as a function of
&=tltg: 1 — experiment at 55 °C{,=185 ns;2-5 — calculated fora

=0.3, 0.5, 0.7, and 0.9, respectively. A, I. Kolmogorov, Izv. Akad. Nauk SSSR Ser. M&, 355 (1937).
2M. Avrami, J. Chem. Physz, 1103(1939.
3E. Fatuzzo, Phys. ReV, 1999(1962.
. . 4 i i i
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A study is made of the change in the dependences of the normal velocity of twinning boundaries
on the magnitude of shear stresses in the twinning plaaev ,(7) in bismuth crystals

owing to ion-cluster doping and oxidation of the irradiated surface. Irradiation was by 25 keV
carbonions at a dose of ¥Gion/cn?. Twinning of the crystals took place under pulsed

loading conditions with pulse durations of 70-10 * s and stress amplitudes of (0.2—2Q)0°

g/mn®. Carbon ion bombardment of single-crystal bismuth causes a shift inthe ,(7)

curve toward lower stresses. An oxide film slows down the motion of twinning dislocations.

© 1999 American Institute of PhysidsS1063-784£99)02405-§

The effect of doping, tempering, and oxidation of crys-(0.0052 at. %> This propertyof the binary Bi—C system al-
talline bismuth surfaces on their twinning rate has beerows us to exclude any effect on the twinning process owing
studied and it was found that these factors produce the sam& chemical compounds formed by interactions of implanted
changes in thev,=v,(7) curves, specifically, they shift impurity atoms with target atoms and makes modeling the
them toward higher stresses. There is also some interest mechanisms for twinning of irradiated crystals significantly
studying the effect of ion-cluster doping on the mobility of easier.
twinning boundaries, since this form of energy interaction  In these experiments single crystals of bismuth were
with crystals can be used for extensive modification of theibombarded by 25 keV carbon ions to a dose of 16n/cn?.
mechanical propertigs,including their plastic properties. The load pulse duration was 19-10"% s and the stress
The physical problem is then to study the effect of structuramplitude was (0.2—-2.09 10> g/mn?.
changes induced by anion beam in the surface layers on the The expansion velocity of the twirfgormal velocityv )
twinning process in crystals. was calculated by measuring the displacement of the twin

The purpose of this paper was to study the effect of théboundaries in the shear plane after each load pulse and as-
bombardment of single-crystal bismuth by carbon ions orsuming that the boundaries move uniformly during the time
the twinning velocity of the crystals during impulse loading. the pulse is applied. Here, as a rule, several parallel inter-
layers of a single crystallographic system developed simul-
taneously in the sample. Twinning took place until neighbor-
ing interlayers collided with one another. The thickness of

Single crystals of bismuth with sizes 06GL0X70 mm  the interlayers reached 400-5@0n by the end of the ex-
were grown by the Bridgman method from a 99.999% pureperiment.
stock and had an initial density of 3@m~ 2 basal and 19
cm 2 pyramidal dislocations. Prismatic samples with dimen-
sions of 2x5X 10 mm were used in the experiments. One of
the side facets of the sample, on which the displacement gfxpERIMENTAL RESULTS AND DISCUSSION
the twinning boundaries was measured after each load pulse,
coincided with the shear plane of the atoms during twinning  The results of the measurements are shown in Figure 1.
and the end surfaces of the samples were faceted by tHeach point in the graph is the arithmetic average of measure-
(111) cleavage plane. The lateral facets of the samples wemments on several interlayers. A comparison of data k€8
chemically polished. The methods used for deformation and shows that carbon ion bombardment of single crystals of
for calculating the stresses and pulse duration have been dibismuth stimulates the mobility of twinning dislocations and
cussed elsewhefe. shifts thev,,=v,(7) curve toward lower stresses. Oxidation

Bismuth was chosen as the test material because plastid the irradiated surface, on the other hand, slows down the
deformation of bismuth by twinning is relatively easy com- development of the twinning interlayers somewhat, and
pared to other materialéSchmid factor 0.48 In addition, shifts thev,=v,(7) curves toward higher stresses than those
the melting temperature of bismuth is a relatively low at which twinning occurs in irradiated crystals without an
273°C> oxide film.

The samples were bombarded with carbon ions because On a semilogarithmic plot, the experimental points of
carbon dissolves very poorly in bismuth. The tiny solubility thev,(7) curves in the figure fit a straight line well, so they
of carbon in bismuth at its melting point is 0.0003 wt% can be approximated by an expression of the type

EXPERIMENTAL TECHNIQUE
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08+ One factor that suppresses slip may be impurities uni-
formly distributed in the crystal matriThus, twinning of
. o pure iron by a static load can take place only at reduced
temperature$?® Introducing several percent of silicon into
o the crystal makes slip so much more difficult that the
0.4 samples deform mainly by twinning at room temperature un-
. der static loading.
. In the present experiments the factor inhibiting the de-
X velopment of slip was the implanted impurity carbon, which
. o was localized in the surface layer of the irradiated material.
L ! An oxide film of thickness 100—1000 A on the side facets of
0 0.25 050 . 0.7 the crystal leads to an increase inthe stresses required to
7, kg/mm attain the same twinning rates as in irradiated samples with-
FIG. 1. Normal rate of growth of a twinning interlayer as a function of out an oxide film. Since an oxide film cannot have much
stresses1 — unirradiated single-crystal bismut®, — single-crystal bis-  effect on the motion of twinning dislocations inside a crystal,
muth ?rrad_iated with carbon ion8,— irradiated single-crystal bismuth with  jt appears that the effect of a film is to slow down twinning
an oxide film. dislocations near the surface.

S
B
T
.

CONCLUSION

v,=A expﬂ, (1) A study of twinning in single-crystal bismuth irradiated
KT by 25 keV carbon ions to a dose of 1Qon/cn? and sub-
whereA is a constanty is the activation volume, ankland ~ jected to load pulses of duration 10-10"* s with a stress
T are the Boltzmann constant and absolute temperature. amplitude of (0.2-2.0x 10° g/mn? has shown that ion pro-
The exponential form of the,(7) curves indicates that C€SSiNg suppresses _sllp_and_ thg activation of twinning |n.the
a thermally activated mechanism predominates in overconfrystals. Surface oxidation inhibits the movement of twin-
ing the barriers to twinning dislocations during twin devel- Ning dislocations.
opment. The activation volume found from the slope of the
Inv,(7) curves wasy=34a® for the unirradiated crystal V. |. Bashmakov and M. M. BrodKsi Fiz. Met. Metalloved.35, 163
(where a is the lattice parametgr and y=56a® for y (1973.

2 .
_ 3 : . - V. V. Uglov, A. K. Kuleshov, B. Raushenbakh, A. Keniger, and K. Ham-
=48a” for CryStalS bombarded with carbon ions without and merl, Materials from the IV All-Russia Conference on Modification of the

with oxide films, respectively. Properties of Construction Materials by Charged Particle BedindRus-
Two competing processes take place during deformation siarl, Tomsk(1996, p. 316.
of Sing'e_crysta' bismuth: twinning and Sllp L. C. Lovell and J. H. Wernick, J. Appl. Physo, 234(1959.

X . . 4V. . Startsev, V. P. Soldatov, and M. M. Brodsky, Phys. Solid S
Stimulating one of these processes leads to suppression. (19%rasev olaatov, an rodsky, Phys. Solid Stite

of the other. This can be explained in terms of the conservasum. Hansen and K. AnderkdConstitution of Binary AlloysMcGraw-Hill,
tion of energy. Let us denotethe energy going into deforma—GNew York (1958, _
tion of a solid byWy and the energy of slip and twinning by V. |. Bashmakov, N. G. Yakovenko, and L. F. Zavornaya, Fiz. Met. Met-

: . alloved. 29, 947 (1970.
Wiis andW,, , respectively. Then, we can write 7I. A. Gindin and Ya. D. Starodubov, Fiz. Tverd. Tela 1794 (1959

W [Sov. Phys. Solid Staté, 1642(1959].
Wa=Waist Wy - 2) 8R. I. Garber and I. A. Gindin, Usp. Fiz. Nau, 57 (1960 [Sov. Phys.
It is clear from this equation that a reduction Wiy Usp. 3, 41 (1960].

. . . 9D. Hull, Acta Metall. 8, 11 (1960.
leads to an increase W, and, conversely, an increase in

Wy leads to a reduction ik, . Translated by D. H. McNeill



TECHNICAL PHYSICS VOLUME 44, NUMBER 5 MAY 1999

Short-wavelength radiation by nonrelativistic particles
V. A. Buts

National Scientific Center, Kharkov Physicotechnical Institute, 310108 Kharkov, Ukraine
(Submitted March 30, 1998
Zh. Tekh. Fiz69, 132-134(May 1999

The possibility of exciting short-wavelength radiation from a flux of charged nonrelativistic
particles is demonstrated analytically. ®99 American Institute of Physics.
[S1063-784299)02505-2

Today, ideas regarding the possibility of exciting short- 2 o
- IW eq\“ 1

wavelength radiatiorfup to x rays from fluxes of charged _:(_> — > | d%
particles mainly involve fluxes of relativistic particles. In this at Ceo/ 4mq =1
paper we show that nonrelativistic particles can efficiently
generate short-wavelength radiation. This possibility occurs ) . .
when charged particles interact with a periodic inhomoge- , of \dalkerroNe | My
neous medium, especially with crystals. The mechanism con- < |wafo| k= e w2
sidered below is important because it is much easier to create ( kz,l— —2180
nonrelativistic particle fluxes and oscillators than relativistic ¢
ones. Furthermore, their density can be much higher and is
limited only by the density of solids. The last point is known +| wy| 5( k2—
to be decisive in creating the conditions for collective in-
duced radiation.

We shall consider the emission from an

o} )Jﬁ(k”'”’)NE%-M“
€0

Kiq
c? 2 w%
k21— —2eg
Cc

oscillator whose trajectory can be written in the form v, +f dBk|k_ - wo o] k2= (k_g- VO)ZS
+rosinQt in a medium with dielectric constant=¢, - c2 0
+qgcosk-r.
" Bo(k_q-rN2 .M
We shall assume that the velocitieg and ro{) are o\R—1-To/WNk ) Mk,
not bounded and do not vary. There are many papers X w2 ' @)
which deal with the emission from charged particles k%, — — %0
c

and oscillators in media with a periodic inhomogeneity.
Mostly they consider radiation from relativistic particles, where
so that the analysis is muchsimpler. Of the papers
which come c!osest to.the case.of interest to us below M, =(w2s0/c?) L], —k(k-L] )
(A>d, whered is the period of the inhomogenejtye note
the first paper on parametric Cerenkov radiatiand some K
papers on transition scatterifd.In a study of the casa NEil,w:ME+l - —2(k-ME+1 ), kii=k=*k;
>d in Ref. 1, an average was taken: a layered inhomoge- ok o
neous medium was replaced by an effective, in terms of the
electrodynamics, anisotropic dielectric. It is easy to show
that the radiation mechanism of interestto us below will van- . . L .

From Eq.(1), in particular, it is easy to obtain some of

ish when this sort of average is taken. In papers on transitio[he standard results. In the following we shall examine two
scattering, primary attention has been devoted to the case g i simplest cases where the features of the radiation men-
greatest interest, scattering on a motionless chaie:¢<),  tioned above show up. Let an oscillator be at regt 0, and

and to the role of transition radiation in plasma physics. Be4|r | z. Under these conditions, E(l) yields

sides, these papers did not discuss the radiation from oscil-

lators. These papers contain all the elements required for gy eZQ2.[3i 392 & n* ) LI

solving the problem of interest to us. Using the method de- WZ(T) > n§=:1 E‘]n(m) fo (sing)>de,
scribed in Ref. 2, together with the properties of Bessel func- )
tions, some simple, but cumbersome, transformations yield

the following expression for the power radiated by an oscil-wheres, =ry(/c is the ratio of the velocity of the oscillator
lator: to that of light andm= «-ry with x>k.

LE,w=V0+ nQrolk'ro.
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6000 in vacuum. Given that the maximum value of the Bessel
function is reached for large at n=m, and using the
asymptotic behavior of the Bessel function fore1 (J,(n)
~ 4000 - «n~13), this inequality simplifies toq-n%%>1/2.
R A high efficiency of “long wavelength” emission\
£ =d/B) is characteristic of a nonrelativistic oscillator,but also
e 2000 - of a nonrelativistic charged particle moving at constant ve-
locity (vq) without oscillating € ,=0) through a periodically
inhomogeneous medium. For such a particle, the conserva-
0 \ | : tion laws imply thatw~ k- ». As in the case of the emission
900 950 1000 1050 from an oscillator, we shall assume th&tw|z. In this case,
n the general formuldl) yields the following expression for
FIG. 1. the power radiated by the particle:
2 2 2 2
In Eqg. (2) the first factor(the factor in parenthesges M: M)si Jw(sin 6)3de, 3
equals the dipole radiation power of a nonrelativistic oscilla- at 3¢ 488/2 0
tor in vacuum and each term of the sum describes the radia-
tion at the corresponding harmonicThe dependence of the where 8=, /c.
radiated power on the harmonic numbe) @nd the degree It is clear from this formula that the directional pattern of
of inhomogeneity §) is given by the factolG(m,n)=(q theradiation from a particle coincides with that from a mo-
-(n?/m)J(m))>2. tionless nonrelativistic oscillator. Furthermore, on comparing

Using Eq.(2), let us compare the emission from an os- Eq. (3) with the formula for the emission from an oscillator
cillator in vacuum and in a mediufrFor this purpose, Fig. 1 in vacuum? it is easy to see that if the quantityy-q is
shows the dependence G{m,n) on the harmonic number substituted for the oscillator velocity in the latter formula,
for m=10° andq=10"3. This figure shows that the radiated then it transforms to Eq(3). Thus, a particle moving uni-
power increases with and has a maximum far=m. Note  formly at velocity » in a periodically inhomogeneous me-
that, in order to obtain a significant radiated power fromandium radiates as a motionless oscillator in vacuum in the
oscillator at harmonic number=10°, this oscillator must dipole approximation, which oscillates at frequeneyvhile
have an energy>22 (8>0.999), while for a medium with its oscillatory velocity iSvys= vo- Q.

a weak periodic inhomogeneity) €10, £9=1), the same We now estimate the prospects for this radiation in terms
power can be produced byan oscillator with energy of the possibility of exciting radiation with a higher fre-
=1.0005 =0.1). As an illustration of the fact that in quency. The minimum period of the inhomogeneity in a me-
vacuum there is essentially no radiation from a nonrelativisdium which can be used is the distance between atoms in a
tic oscillator, while if a medium is presefgven a very weak  solid. It is of the order ofl=10"8 cm. Noting the inequality
one, the radiation can be quite substantial, Fig. 2 shows & >d, we can expect electromagnetic radiation with a mini-
plot of the ratio of the power radiated by an oscillator in amum wavelength oh~10"7cm to be excited. In order to
medium @=10"°) to the radiated power in vacuum f@  attain this purposdradiation at a given wavelengthwe
=0.1 (m=100). It is clear that even a slight amount of pe- must keep the equality= x- » in mind. Using this equality,
riodically inhomogeneous mediung€10°°) can make a we can find the magnitude of the oscillatory velocity which
fundamental change in the emission spectrum. Furthermoreéhe oscillator must haveB=v/c=\/d, i.e., in our case
the intensity of the radiation in the harmonias{n{}) can  g~0.1. If a charged particle becomes an oscillator as a result
exceed the dipole radiation of the oscillates€ (). In fact,  of an interaction with an external electromagnetic field with
with Eq. (2) it is easy to find that, aslong as the condition frequency(), then in order to attain an oscillatory velocity
2-[g-(n?*m)-J,(m)]?>1 is satisfied, the radiated power at =0.1, the nonlinearity parameter of the wave,
harmonicn exceeds the dipole radiation from the oscillator ¢ =eE/mcw (whereE is the electric field strength in the
external wave must equal 0.1.
Therefore, in the ideal limit we can calculate that when

1-7035 - an electromagnetic wave with a wavelengthhaf 104 cm
and a nonlinearity parameter of 0.1 acts on a s(@digsta),
the solid should emit radiation with~10""cm. We can

3?‘\ 35 also calculate that an analogous solution will be found when
§5-10 B a beam of charged particles with velocjfy=0.1 is incident

on a solid(crysta).
Here we have concentrated on the most interesting case
0 I of the excitation of x rays by an oscillator in a periodically
50 00 750 inhomogeneous medium. It is clear, however, that this
n mechanism can show up in a considerably wider domain. For
FIG. 2. example, it can produce a high frequency component of the
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A study is made of the propagation of high-power electromagnetic waves in spatially
inhomogeneous plasmas of thin semiconducting elements and films. The effect of surface
recombination and an external magnetic field on the depth of penetration of an ionizing field into
the semiconductor plasma is examined. 1899 American Institute of Physics.
[S1063-784299)02605-1

Studies of the effect of the interaction of electromagnetic =~ jor 2 d2n
fields with ionized semiconductor plasmas contribute to the — = —; —E=0, D—+vin—y,n—vr,ny=0,
development of microwave technology at short wavelengths, dz® ¢ Mo dz*
in particular the creation of measurement and control devices , E*\2
for high power levels. Studié$ have shown that stationary —=G exp{ _(E) ] (1)
r

collisional ionization in semiconductors can be used for ef-
ficient control of the parameters of short-wavelength microwhereE is the strength of the electromagnetic field in the
wave radiation. semiconductore, is the plasma frequency,is the speed of

In this area, the greatest interest is in studies of the inlight, D is the diffusion coefficient, and; and v, are the
teraction of strong electromagnetic waves with spatially in-2verage ionization and recombination rates.
homogeneous plasmas in thimith thicknesses less than the G andE*, which depend on the properties of a specific
characteristic diffusion lengihsemiconducting elementd. ~ Seémiconductor and the frequency of the ionizing microwave
In these semiconductors the diffusion of highly energetici€!d, can be determined experimentally or from kinetic
carriers from the heating region has a significant effect on théheor{' For example, fgr InSb ,dt: 37 GHz, G=9.8x 10"
magnitude of the threshold fields and electrodynamic char‘:’de =1.2x ;ng/cm. In solving the coupled sygtem of
acteristics of a thin semiconducting elem@ror this rea- Egs. (1), the |n|t'|al values Of. the electromagnetic field- .
son, in thin semiconductors a number of new phenomen3trength and carrier concentration at the boundary of a semi-

have been observed that are associated with the effect of tlg.:gnductlng element were specified. The semiconducting slab

surface on the carrier distribution within the bulk semicon-"2* broken up intd paraliel layers in tha plane and the

. . . concentration was assumed constant within each layer, while
ductor and, accordingly, on the interaction of strong electro-

magnetic fields with thin semiconductdt# theoretical and the tangential components of the e_Iectromagnetm field
. . ) strength were matched at the boundaries of the layers. The
experimental analysis has been ntadethe skin effect dur-

. . - =" calculatedE(z) curves for InSb (,=2.8x10?cm 3, T
ing the propagation of short-wavelength ionizing radiation in_ - K) are shown in Fig. 1

semiconductor plasmas. In particular, it was found that the The calculations show that surface recombination

penetration depth of an ionizing field in semiconductors ischanges the way the electromagnetic wave propagates. In
essentially independent of its amplitude at the surface, but i§,is case because of charge carrier “depletion” in the sur-

determined by the physical characteristics of the semicongce |ayer, the ionizing field penetrates considerably more
ducting material. There is considerable interest in studies Oéeeply into the semiconductor plasrfairve 1 of Fig. 1).
the dependence of the penetration depth of strong fields in Figure 2 shows plots of the penetration deplx of an

semiconductors on the properties of the surface, in particulagiectromagnetic field into a semiconductor plasma for differ-
on the surface recombination rate. By analogy with the eargnt ratesp, of surface recombination.

Iier.wo.r.k,‘m one might expect that surface recombination has  |n this case, as the surface recombination rate increases,
a significant effect on the way high-power short-wavelengththe concentration of nonequilibrium carriers near the semi-
microwaves propagate. conductor surface decreases, along with the plasma fre-

In this regard, in this paper we study the dependence ofjuency, and this leads to a rise in the depth of penetration of
the penetration depth of an ionizing field into a semiconducthe ionizing field into the plasma.

tor on the surface recombination rate and the strength of an  As in Ref. 4, here an external magnetic field in a Voigt

applied magnetic field. geometry,BTTEL Kk, makes it possible to reduce the influ-
The system of equations describing the interaction of arence of the surface on the propagation of an ionizing wave in

ionizing field with a semiconductor in this case has the forma semiconductor plasm&ig. 2). The physical nature of this
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FIG. 2. Plots of the penetration depth of ionizing radiation into the plasma:
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FIG. 1. Field dependences of the depth of penetration of ionizing radiation )
into a semiconductor plasm&s=10° cm/s (1), 0(2). ment of control and measurement devices for short-
wavelength microwaves at high power levels.
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plasma is “squeezed away” from the semiconductor surface, Slan] Nauka, Moscow(1975, 368 pp.

which is equivalent to a reduction of the characteristic diffu- D A. USfEmOVgB B. Feklistov, and A. Yu. Vagarin, Radiotekh. Elektron.

24, 1681(197

sion Iengt_h I_n an e_XtemaI magnetic field. Bec"_ius_e of this, f0r3V N. Chupis, O. A. Kosygin, N. A. Dukhovnikov, and E. M. Semenova,

a magnetic inductioB>0.2 T, surface recombmatlon €SSeN-  pigma zh. Tekh. Fiz19(23), 69 (1993 [Tech. Phys. Lett1%(12), 764

tially has no effect on the depth of penetration of an ionizing (1993].

field into a semiconductafcurves2—4 of Fig. 2). 4V_. N. Chupis, A. Yu. Somov, O. A. Kosygin, and E. M. Semenova,
These features of the interaction of high-power electro- FiSma Zh- Tekh. Fiz21(10), 16 (1999 [Tech. Phys. Lett21(5), 358

magnetic radiation with thin semiconductors, especially thesy, N. Chupis and L. I. Kats, Fiz. Tekh. Poluprovodi7, 1288 (1983

dependence of, and the penetration depth of the electro- [Sov. Phys. Semicond7, 814 (1983].
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magnetic field, are of fundamental importance for thin semi-

conductors and should be taken note of during the developFranslated by D. H. McNeill
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Determination of the temperature of the onset of ion transport from the temperature
dependence of the relative change in the ultrasound velocity in the lithium ceramic
Li—-Si—-Ge—-As-S-0O

Yu. F. Gorin, O. L. Kobeleva, V. L. Kobelev, N. V. Mel'nikova, Ya. L. Kobelev,
L. Ya. Kobelev, and O. S. Tsyganov

A. M. Gorki Urals State University, 620083 Ekaterinburg, Russia
(Submitted May 19, 1998
Zh. Tekh. Fiz69, 137-138(May 1999

An ultrasonic method is used to study the onset of ion transport inlithium oxides in a ceramic of
the Li—-Si—-Ge—As—S—Q@ystem. The onset temperature for ion transport estimated from the
temperature dependence of the relative change in the propagation speed of ultrasound is the same
as that obtained by other methods, which indicates that the ultrasonic method is applicable

to studies of the onset of ion conductivity inlithium oxide semiconductors.1999 American

Institute of Physicg.S1063-784£99)02705-1

An important task in research on new ion semiconduc-conductor Li-Si—Ge—8-S-0 as &unction of temperature.
tors is to establish the temperature at which ion transporfn analysis of this dependence showed that the activation
becomes significant. The methods used for estimating thenergy at 220—240 K is 1.03 eV and for 240—-350 K it is 0.56
onset temperature of ion transport in research on the complesvV. The change in the activation energyTat 240—250 K,
chalcogenides of silver and copper from the temperature ddogether with data on the mobility of the ‘Lions (the spin—
pendences of the electrical conductivity and dielectriclattice relaxation rate of Ciions has been studiédat tem-
permittivity,2*2 from an examination of the electrical conduc- peratures of 240-650 )Kare indicative of a change in the
tivity in cells with filters, and from nuclear magnetic reso- mechanism for conductivity and of the onset of lithium ion
nance (NMR) determinations of the ion mobility can be conductivity. With the onset of significant ion conductivity,
supplemented by other techniques, such as studies of tfige dielectric permittivity begins to rise rapidly. The range of
temperature dependence of the relative change in the veloéémperatures corresponding to the onset of the rapid rise in
ity of ultrasound in these compounds. The feasibility of de-the dielectric permittivity(250-260 K* is consistent with
termining the onset temperature for ion transport in silvefN€ range of temperatures where the activation energy
and copper chalcogenides by studying the temperature d&hanges.

pendence of the relative change in the ultrasound speed has 'hese studies of the acoustic properties of the ceramic
been demonstratédit has not been clear whether the com- Were carried out by the phase-pulse method using a quartz

plex chalcogenides of silver and copper are the only mixedjltrasonlc generatatthe frequency of the longitudinal wave

ionic semiconductors for which the ultrasound technique igvas > MHz and that of the fransverse wave, 2.5 Wbz a

useful for determining the ion transport onset temperature. source of ulirasound. The temperature dependences of the

This paper is devoted to using the ultrasound techniquéelative changes in the propagation speeds of longitudinal

for studying the onset of ion transport in lithium oxidédle and transverse ultrasound in a Li-Si-Ges—-S-Osample
consider a new ceramic which we have synthesized in the
Li-Si—Ge—As—S—Gsystem as the test materjal.

Impedance studies of ceramic Li-Si—-Ges#6-0 at
temperatures of 220—520 K, along with studies of the dielec-
tric permittivity and of the temperature dependence of the o,
relaxation time of the magnetic moment of Lriuclei, have
shown that this compound is a mixdelectronic—ioni¢
semiconductor with lithium ion conductivity. The fraction of
ion conductivity is 48% at 300 K and 70% at 450°K.

The temperature dependences of the conductivity and
dielectric permittivity were studied at temperatures of 220— o
650 K and a frequency of 1.592 kHz, which lies in the fre- ~1.0
quency regipn whgre the gffect of electrode processes on the 25 30 35 40 4.5
characteristics being studied can be neglec{&dis region 3 ~7
was determined by analyzing the frequency dependences of 70/T’

the impedance .a.nd adm_ittance of th.iS. compo)Jﬁdgure 1 _FIG. 1. Specific electrical conductivity of Li-Si—-GesAS—Ooxide semi-
shows the specific electrical conductivity of the oxide semi-conductor as a function of temperature.
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2.5 change in the ultrasound speed within these temperature in-
tervals are evidence of structural changes in the crystal lat-
2.0 F tice at these temperatures which can be interpreted as phase
changes. The more rapid fall in the relative change in the
7.5 sound speed folf >250 K is related to the appearance of
§ free lithium ions. The temperature where the ultrasound
ootk speed changes shargllyig. 2b), 250 K, can be regarded as
= the ion transport onset temperature.
05k The ion transport onset temperature estimated from the
temperature dependence of the relative variation in the ultra-
ook , sound propagation speed is, therefore, in agreement with the
" 200 value obtained by the impedance meth@d0-250 K* and
with an estimate of the ion transport onset temperature ob-
20 % b tained from an NMR study of the mobility of the Lions*®
. These results indicate that the ultrasonic method can be
s used to study the onset of ion conductivity in oxide ionic
o semiconductors.
z 10k This work was supported by the Russian Fund for Fun-
gf damental ReseardiGrant No. 97-02-1621)2
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Signal amplitude and amplitude spectrum shape of a detector with incomplete charge
transport

N. B. Strokan

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted May 12, 1998
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A case is considered in which, unlike the high-energy-resolution regime, the ratio of the size of
the working zone of the detector to the drift displacement length of the charge carriers

cannot be assumed smatk(). This analysis pertains to detectors based on semi-insulating
GaAs (Sl GaAs in the detection of short-range ions. It is assumed that most carrier capture occurs
during the drift of the carriers. The expressions derived for the signal amplitude and the

shape of its spectrum are shown to contain three independent parameters. When these are
determined experimentally, it is possible to find the average field strength and its velocity

of propagation in the structure as functions of the applied voltage, and also to find the carrier
lifetime to capture and the degree of nonuniformity of the capture over the volume of

the working zone of the detector. @999 American Institute of Physics.
[S1063-784299)02805-9

In recent years problems have arisen in high energynove at a velocityuE (where u is the current carrier mo-
physics which can only be solved with semiconductor detechility) and are subject to capture with a characteristic time
tors capable of operating in intense radiation fields. In thisThe contribution to the signal in the plaki¢is determine®®
regard, detailed studies are being made of the radiation hardhy the potential differenc&V(x) traversed by an electron
ness of detectors based on high resistance silicon, the techefore capture, wher¥(x) is the potential profile in the
nology of which is well developed. In addition, the prospectscapacitor with a geometryplane, cylindrical, spherical
for new materials, especially $$emi-insulating GaAs, are equivalent to the detector for a volume charge of zero. In our
being examined. Low conductivity is attained in this materialcase, this reduces to the fraction of the path traveled out of
by compensation of donor and acceptor centers. Ultimatelythe interelectrode separatipf,W].
both irradiated(initially pure) Si and initial SI GaAs are We shall proceed further with the model for formation of
characterized by the presence of a substantial number af field region in SI GaAs proposed in Ref. 5. It is character-
charge-carrier capture centers in the detector volume. Thiged by an extremely weak dependence of the fieldn
leads to incomplete transport of the nonequilibrium chargeposition. This makes it possible to set the drift transport
created by the nuclear radiation. mean free pathuEr constant in the field region. We also

In this paper we examine the behavior of the main detake into account theR<W, d. Then the signal in the plane
tector characteristics, the average signal amplitude and thé/, normalized to the charge implanted by the alpha particles,
amplitude spectrum, when capture centers appear in the buik
of the material. The calculation has been done for a detector
based on Sl GaAs and for the detection of short-range radia- = (pEAW)[1=exp(~W/LEn](LET/R)
tion. X[exp(RIwET)—1]. 2

1. The typical geometry of an experiment, where radia-
tion enters from the side of the* contact, is illustrated in
Fig. 1. The detector structure is partially depleted, to th
plane W with an overall extentd. The distribution of
electron-hole pairs in a tradlof lengthR<(W,d)) is speci-
fied by the functionG(y). It is assumed that of the two g=(MET/W)[1—exp —W/uEr)](W/d). (©)]
channels for charge loss, recombination directly in the par-
ticle track or localization during drift, the second mechanismthe
predominates.With localization, the signal is determined by
Faraday’s law, as well as by the type of capture. Ultimately
the charge transferred in a region with an electric fielis
given by

For an S| GaAs detector, this expression must be multi-
eolied by a factoW/d, which accounts for the slow relaxation
of the semi-insulating base of the structure. Finally, for
R—0 we obtain the detector signal

Since in an experiment one records the dependence of
signal on the voltag®l at the detector, the functiow
=f(U) determines the final form of E¢3). In this form of

the modef W= yU, where 1#=E,, is the average magni-
tude of the field and Eq.3) transforms to

q(U)=(pr/yd)[1—exp(— y*U/u7)]
=P,[1—exp —P,U)], 4

This equation implies that electrons from the lagyer where the paramete®,= w1/ yd andP,= y?/ u 7.

Jo=dX'WG(y)exp —dx/ uE7)dy. (1)
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% g as a function of bias voltaged/©Er
- B =5.0(1), 1.66(2), 0.83(3); 7=1.0(D),
3.0(2), and 6.0 ng3). The inset shows
030+ the geometry of the structure under con-
sideration.
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WhenU is increased to depletion of the structure, it is We introduce the half width of the distribution efrela-
necessary to satV=d in Eg. (3). In addition, depletion is tive to the average valu®,=2.35/ 3. Then, omitting the
observed in practice at substantial fieEswhere the drift constant terms, for the spectrum shape we obtBingorre-
velocity saturates to = wE. Under these conditiong(U) sponds to thery andz= 7/ 1)
vanishes and the signal reaches its limit

Omax= (vs7/d)[1—exp(—d/vgr)]. (5) dN/dg=(dN/d7)/(d7/dq)
exd — (z—1)%/0.36R?]

Figure 1 shows the charge as a function of detector volt- _ 7
age normalized to the depletion valuge,=d/y. In the cal- 1-[1+Py(U/z)]exd —P,(U/2)]"
culations with Eq(4) we have used typical practical param-
oA — —4 — —2 — \/
eters: y=10""cm/V, d=5x10""cm, and vs=10"cmis. When the structure is depleted and the charge obeys Eq.

The pgrametgd/HEr was set t0 0.83, 1.66, anq 5.0, corre- (5), the numerator of Eq(7) is the same as before, but the
sponding to lifetimes of 6.0, 3.0, and 1.0 ns. It is clear that,denominator is given in terms ofP, as [1—(1

as d/uEr increases, the functiog(U) approaches satura- +1/2P,)exp(—1/zP,)]. The shape of the spectruffiie the
tion. At the same time, the maximum realizable amplitude isaverage signal magnitugeo longer depends on the bibis
a smoothly d_ecreasmg fgnct_lo_n .dv’“ Er (see Eq.(5) and _ Plotting the spectra showed that the shape of the spectral
the |_nset to Fig. B_In practice itis _|mportant that, in approxi-jine according to Eq(7) is sensitive to the degree of nonuni-
mating the experimental data with EG), we can find the ¢, i of the capture timeR,. Thus, forR.~1 the line is
?huanntllesP]% and P}l’ asdth?:hproducPlel_:’zl: 7t/d g|\t/esl/ asymmetric and has an extended left side.RAsSs reduced,
_eEva lIJe odd%.defb th an Io sfaverg\g? el Sdrfn?]ﬁ)hy the line becomes more symmetric. The quantitative charac-
B ""2" V\r/] add |on£) € values or are efem;:ne h ro l.f h teristic of the line shape was taken to the its half width. It
I'.t de now to ta'r;\u%n S);pressflonthqr t eds IaEI)'e Od "&urns out that as the bias on the detector is raised, the line-
f‘hmp.t'.“ € spec rqu IqT t(r?) Ortt IS r:;]o € .I 0 wo width also increases and reaches saturation when the struc-
this It 1S necessary 1o expiain the scatter in the value ture is depletedFig. 2). This last point is in conflict with the
is logical to attribute the scatter to fluctuations over the VOI'practice for spectrometric detectors with near complete
ume of the detector in the time to carrier capture as a charge transport. Thus, there is a nearly parabolic rise in the

parameter W.h'?h IS moré sgnsmve to the str-uct_ural_ perfectlo'?elative resolution as a function of the induced chaligeet
of the materiaP Then we pick a Gaussian distribution fer to Fig. 2

That is the most probable form when the deviation from the Figure 3 traces the dependence of the linewidth and am-

average value of a variable quantity is less than the me""Blitude on the parametat/ wE7 when the structure is de-
itself, i.e., | 7= 7o| <7, sO that pleted. As noted abovey,,.x typically drops significantly,
dN/dr=exg — (7— 70)2/202]/\/50, (6) while the Ii_newi_dth varies little over the in_teryfiv,uEr=1
—5. The linewidth, however, depends significantly on the
whereo is the dispersion. charge-carrier capture nonuniformityRf). This makes it
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possible to determin®, for a known ratiod/ wE+ by com-  and the average field strength, the lifetime to localization at
paring the measured linewidth with the data of Fig. 3. capture centers of the drifting carriers, and the degree of
3. We conclude by noting what we believe to be thenonuniformity of the capture in the detector volume.
main results. We have examined the operation of a detector We have pointed out differences from the case of weak
with rapid capture of charge carriers through localization.capture. The main difference is a rise in the spectrum line-
We have derived expressions for the spectrum line shape awddth with detector bias voltagéas the signal amplitude
average signal amplitude as functions of the detector bias. increases
These equations contain three independent parameters If capture occurs, as does carrier recombination, in a
which are determined in the course of an experiment. By‘track plasma” state, then after complete depletion of the
comparing the computations and experimental data, it is podetector the signal should rise with the detector bias. Here
sible in principle to determine the structure of the electricthe charge losses will decrease with the field strerifytis
field in the detector and the carrier transport characteristics/E for light ions and as In(H) for heavy ions’
of the material. These include the extent of the field region  The author thanks E. M. Verbitskaya, V. K. Eremin, and
A. M. Ivanov for valuable comments.

YThe structure of Eq(1) was first proposed in Ref. 4, but the authors made
an error in their treatment of Faraday's law by considering a volume
charge in the variation o¥'(x).

IThe question of nonuniformity of the capture was first discussed by
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field region to the drift displacement lengtft—3) as in Fig. 2. The inset
shows the same for the amplitude of the induced charge. Translated by D. H. McNeill
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